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II. Abstract 
The annual growth of tree rings makes the trees as possible archive of the past atmospheric 
pollution. However, several aspects addressed in literature such as post-depositional mobility 
of Pb, intra-ring heterogeneity and possible detoxification mechanisms can make the 
interpretation on past atmospheric pollution, difficult. Annual rings of two Norway spruce 
(Picea Abies) trees 43 and 42 years old located 10.1 km north-northwest and 17.8 km east-
southeast of Mongstad refinery, respectively, were analysed by laser ablation inductively 
coupled plasma mass spectrometer (LA-ICP-MS) for lead isotopic composition, and 
63
Cu/
12
C, 
66
Zn/
12
C and 
44
Ca/
24
Mg elemental ratios. These two trees, recorded 
206
Pb/
207
Pb ratios between 
1.13 and 1.32, and 1.12 and 1.29, respectively, but showed no systematic trend towards higher 
or lower ratios from the innermost to the outermost tree ring. For all ratios, only the 
208
Pb/
12
C 
(for tree #1) and 
44
Ca/
24
Mg (for tree #1 and #2) ratios showed pronounced trends. The 
208
Pb/
12
C ratio of tree #1 increased from 1968 and peaked in the year 1979, followed by a 
steady decrease toward the present (2010), and showed significant correlation with the lead 
content and the pH of precipitation in the area. The 
44
Ca/
24
Mg of tree #1 and #2 demonstrated 
showed a systematically decrease from 1968-2010 and showed significant correlation with the 
pH of the precipitation. Comparison of the lead isotopic composition of the tree rings with 
that recorded by mosses in the same area during the time period 1975-2000 showed 
significant differences. Most of the tree rings plotted have higher 
206
Pb/
207
Pb and 
208
Pb
/207
Pb 
ratios relative to the Norwegian peat bogs (<1691-1991), and also show some overlap with 
the relatively higher recorded ratios of a Greenlandic ice core (7313 BC to 1523 AD). The 
tree rings have also higher Pb isotopic ratios compared to the European aerosols. 
Comparisons with the 
206
Pb/
207
Pb ratios recorded by the Scottish peat bogs and mosses 
covering the same time period as the trees did not reveal any similarity. The onset of 
production at Mongstad refinery in 1975 and the subsequent expansion in the refinery 
production and occasional accidents in the factory did not have any significant impact on lead 
isotopic composition of the tree rings, nor on the 
208
Pb/
12
C, 
63
Cu/
12
C, 
66
Zn/
12
C or the 
44
Ca/
24
Mg ratios. Pollution associated with the Mongstad refinery may be minor compared to 
the long range pollution by atmospheric aerosols. In order to differentiate between pollution 
sources and natural sources, local soil and bedrock measurements and a chemical and isotopic 
analysis of Pb in oil that is being refined at Mongstad, should be carried out.  
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1 Introduction 
Lead in the environment stems from natural sources and can be released to the 
environment through anthropogenic activity. Emissions from anthropogenic activity along 
with natural “emissions” such as volcanic emissions, soil erosion, forest fire debris, biogenic 
emission and oceanic emission may contribute to the overall lead composition of the 
atmosphere (Rasmussen, 1998). Lead has four naturally occurring isotopes: 
204
Pb, 
206
Pb, 
207
Pb 
and 
208
Pb. Among these, only 
204
Pb is non-radiogenic. The others, 
206
Pb, 
207
Pb and 
208
Pb
 
are 
the stable nuclides at the end of the 
238
U, 
235
U and 
232
Th decay series, respectively (White, 
1998). Depending on the geological system, the age of the system, and the initial chemical 
composition (Bollhofer and Rosman, 2001b), the amount of lead isotopes will vary, yielding 
different and characteristic isotopic ratios of the individual system/reservoirs (White, 1998). 
As a consequence of this, and because lead is not affected to a measurable extent by natural 
fractionation processes (Bollhofer and Rosman, 2001a), lead isotopes may be used as tracers 
in deciding the main contributing sources of lead pollution. 
According to Komarek et al. (2008), atmospheric lead pollution is estimated to be 
approximately 5000 years old, and increased significantly during the industrial revolution 
(1750-1850) and even more when leaded gasoline became common practice in the 1920s 
(Dunlap et al., 1999). By the 1960s and 1970s, leaded gasoline was considered the most 
important source of atmospheric lead pollution, but the relative contribution of industrial 
emission increased when abolishment of leaded gasoline started (Nriagu, 1990).   
 The annual growth of tree rings and the assumption that they record and preserve the 
annual uptake of trace-metals and heavy metals, makes trees possible “archives” recording 
past and present pollution. Among tree species, conifers are regarded as having the greatest 
potential for dendroanalysis (have fewer ray cells (Legge et al., 1984))  due to its primitive 
nature of wood (Cutter and Guyette, 1993), but successful attempts with oaks, and maples 
(Watmough and Hutchinson, 1996, Watmough et al., 1998) have also been performed. 
However, several factors may discredit the use of tree rings as an environmental archive. A 
short summary of factors include the influence of the sapwood/heartwood boundary (Nabais 
et al., 1999), intra-ring variability/heterogeneity, possible detoxification mechanisms i.e. 
inward transportation of elements (Stewart, 1966) and detoxification via bark shedding 
(Hagemeyer and Weinand, 1996), inter and intra element mobility between tree-rings 
(possible through ray cells (Legge et al., 1984)), variation with stem level above ground  (this 
can however be omitted by comparing tree-rings at the same stem height). 
AIM OF STUDY 
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2 Aim of study 
This study will attempt to evaluate possible pollution from Statoil’s refinery located at 
Mongstad in Hordaland and test whether it is possible to distinguish pollution originating 
from Mongstad refinery from other sources, e.g. local sources such as transport or geology, 
and distal sources abroad. This will be addressed by investigating the lead content and lead 
isotopes recorded by annual tree rings of two Norwegian spruces (Picea Abies). In addition, 
content variations of heavy metals/trace metals in the tree rings will be investigated.  
A final objective will be to evaluate the reliability of tree rings as an environmental 
archive. This will be addressed by comparisons with historic records of pollution, i.e. peat 
bogs, mosses and ice-cores. In addition data from operated weather stations or climatic 
stations will be used to support the conclusions.  
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3 Background 
3.1 The Study Site 
3.1.1 Location 
Figure 3-1 shows a topographical map of the study area and the respective location of the two 
collected tree boles of Norwegian spruce (Picea Abies). Tree #1 and #2 are located approx. 
10.1 km north-northwest and 17.8 km east-southeast of the Mongstad refinery, respectively. 
Geographical coordinates are listed in Table 3-1.  
 Geographical coordinates 
Tree #1 60°53'55.98"N,  5° 2'14.22"E 
Tree #2 60°46'13.56"N,  5°21'4.74"E 
 Table 3-1 Geographical coordinates of Tree #1 and #2.  
 
 
 
Figure 3-1 Topographical map of the Mongstad area. Green filled circles: 
Tree #1 and #2, blue squares: weather stations recording precipitation 
data, #1= Ytre Solund, #2=Frøyset, #3=Eikanger – Myr. Hellisøy (H) and 
Fedje (F) denote the locations of the two stations recording wind data.  
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3.1.2 Bedrock geology 
The study area is part of The Western Gneiss-region, and the two trees, #1 and #2, 
were collected just outside the Bergen Arc, situated on metamorphosed (Caledonian orogeny) 
Precambrian rocks. Rocks surrounding tree #1, consist of monzogranitic to granodioritic 
gneisses, sometimes bonded, and quartzitic gneisses and quartzites, granitic dikes and augen 
gneiss. The rocks encompassing the area surrounding tree #2, are dioritic to granitic gneisses, 
with occurring heterogeneous veins of migmatite. In the heights northeast of tree #2, a lens of 
meta-sandstone and mica schist occurs.  
No rock samples were collected for the two sites. Whole rock lead content and lead 
isotopic composition were not available for the study area. Lead concentration and lead 
isotopic composition only exist for the highly radiogenic minerals, like zircon, used for 
dating. These will not be representative for the whole rock lead isotopic composition. 
Therefore, the influence of local bedrock geology on the lead isotope composition of the tree 
rings is difficult to assess. 
3.1.3 Soil type 
According to Norwegian-Institute-of-Forests-and-Lanscape (2007), no municipal 
maps showing soil characteristics (depth to bedrock and distribution) within Gulen and 
Masfjorden exist. However, a sedimentary map from NGU covers both the localities. This 
map shows that tree #1 and #2 grew in an area classified as having thin sedimentary cover. 
Regarding lead isotopic ratios of soils in Norway, Steinnes et al. (2005) refers to a study 
performed by Steinnes et al., though unpublished, that the 
206
Pb/
207
Pb ratios of the C-horizon 
from different parts of Norway (not specified which places), vary between 1.20-1.73.  
3.1.4 Weather conditions 
The amount of precipitation and prevailing wind direction will control the 
geographical distribution of lead. Some lead particles may be transported over great distances, 
and some particles will fall to the ground during periods of rain. Emitted flue-gases and 
particles from Mongstad or other pollution sources can be removed from the atmosphere by 
dry (usually deposited locally) and wet deposition (carried over greater distances) (Slinn, 
1977, Larsen, 2000). Precipitation data for Eikanger-Myr, Frøyset and Ytre-Solund weather-
stations are plotted in Figure 3-2. As the Ytre-Solund weather station covers the whole life-
span of both trees and because the weather stations in the area demonstrate similar records 
over time, this particular station will be used in this study. From 1965 to 2011 the amount of 
3.1 The Study Site  CHAPTER 3.  Background 
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precipitation here varied between 1284.4 (min. in 1996) and 2521.1 mm (max. in 1967), but 
no systematic trend is observed. The wind-roses of Figure 3-1, H (Hellesøy Lighthouse) and F 
(Fedje), display two different periods, 1965-2005 and 2004-2011, respectively. However, they 
show very similar wind distribution. Southern and southeastern winds appear to dominate, 
followed by western and northern winds.  
 
3.1.5 Mongstad oil refinery 
3.1.5.1 History and accidents at Mongstad oil refinery 
Before the 1970s Mongstad did not have any significant industry. Neptun Canning, a 
cannery, was put into operation in 1927 and provided work for up to 60 people- the largest 
place of work in the rural district for 45 years (Kolstad, 1999). Before the building of 
Mongstad refinery, the North-Hordaland district witnessed a great depopulation due to lack of 
industry and the planned closing of the Neptune Canning factory (Bjørnevoll and Mongstad 
administrasjon, 2004, Kolstad, 1999). Hydro and British Petroleum (BP) started the building 
of Mongstad refinery in 1972 and it was officially opened on the 25. September 1975. In the 
beginning, the capacity of the refinery was 4 million tons crude oil per year (Kolstad, 1999), 
and in 1989 it increased from 6.5 to 10 million tons crude oil per year. Figure 3-3 lists 
accidents and relevant information regarding operation of the Mongstad refinery, some of 
these which may have influenced the lead content in the tree rings. Also listed are relevant 
events which may have had an effect on the lead content of the trees. 
 
Figure 3-2 Annual precipitation data from weather stations published by Meterologisk-institutt (2012).  
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Increase in production 
(Larsen, 2000)         
Eyjafjallajökulls 
eruption 
     1987        
2010, 20. March 
(Framstad, 
2010) 
                
               
              
              
1972 1975, september 1975, December 1989 2004, 14. july 2007, 24. May 2008, 23. January 
 
Building of Mongstand 
refinery started (Kolstad, 
1999). 
 
Start of Mongstad refinery 
operation (Kolstad, 1999). 
 
Fire at the processing plant 
(Kolstad, 1999). 
 
Annual refining capacity 
increased from 6.5 to 10 
million tonns (Kolstad, 
1999). 
 
Fire, production decreased 
from 180 000 to 90 0000 
barrels for a few weeks 
(NTB, 2004).   
 
Explosion at Vest-Tank at 
Sløvåg, Gulen (Sletta, 
2009). 
 
Fire at the processing plant 
(Brekke and Svendsen, 2008). 
       
Figure 3-3 Timeline representing the history of the Mongstad refinery, and related accidents. Also listed are relevant event which may have had an impact on the 
lead content of the two trees. The distance between the events is not to scale. 
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3.2 Lead in nature 
3.2.1 General 
3.2.1.1 The natural isotopes of lead 
Lead belongs to group number 14 in the 
periodic system, and it is the most studied 
heavy metal (Aberg et al., 1999). It has four 
natural isotopes 
204
Pb, 
206
Pb, 
207
Pb and 
208
Pb. 
Among these, only 
204
Pb is non-radiogenic. The 
others, 
206
Pb, 
207
Pb and 
208
Pb
 
are the stable 
nuclides at the end of the 
238
U, 
235
U and 
232
Th 
decay series, respectively (White, 1998). 
204
Pb 
is the least naturally occurring isotope of Pb, 
with abundance of only 1%, while the 
208
Pb, 
206
Pb and 
207
Pb isotopes comprise 52%, 24% 
and 23% of the naturally occurring lead, 
respectively (Komarek et al., 2008). Depending on geological system, age of the system, and 
the initial chemical composition (Bollhofer and Rosman, 2001b), the amount of lead isotopes 
will differ, yielding different and characteristic isotopic ratios of the individual 
systems/reservoirs (White, 1998).  Figure 3-4 show the evolution of 
207
Pb/
204
Pb and 
206
Pb/
204
Pb through time.  
3.2.1.2 Lead and heavy metals in soil profiles 
Figure 3-5 shows an idealized developed soil profile. The upper two horizons, O- and 
E-horizons, tend to form the bulk of the rhizosphere, which is the depth to which plant roots 
may extend. The uppermost horizon, the O-horizon, is rich in organic matter and is best 
developed where decomposition rate is slow, i.e. in soils depleted in O2 (White, 1998). Going 
downward we enter the E-horizon – the zone of leaching – which contains a variety of 
minerals, organic compounds and the humus. The underlying B-horizon is the zone of 
accumulation, and compared to the overlying E-horizon it is richer in clays and poorer in 
organic matter. The last horizon before encountering the bedrock is the C-horizon, which is 
only weathered rock.  
 
Figure 3-4 The evolution of 
207
Pb/
204
Pb and 
206
Pb/
204
Pb through time shown for three µ 
(  
    
     
) values. Figure from White (1998).  
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The abundance of natural heavy metals 
and nutrients in soils depend on the geological 
source of the parent material (Motto et al., 1970). 
According to Adriano (1986), lead generally 
accumulates in the upper parts of the soil surface, 
more specifically in the upper few centimeters. 
Most of the anthropogenic lead is considered to 
reside in the topsoil horizons (Hutchinson and 
Whitby, 1977). According to Lepp (1975), 
airborne lead occurs most commonly in 
particulate form.  
However, lead- (and other elements) and 
nutrient uptake by the root system is to a certain 
extent regulated by edaphic- (abiotic factors) and 
biological factors (e.g, microbes) of the soil (Lepp, 1975, Taiz and Zeiger, 2007), which affect 
the bioavailability of the element. These factors involve interactions between soil microbes, 
plant roots, fungi, pH, the presence and degree of both organic and inorganic colloidal 
particles, available nutrients and heavy metals, and competition between cations. Other 
factors such as climate and topography, also affect the distribution of heavy metals and 
nutrients in soils (Adriano, 1986). Colloidal particles have predominantly negative charges 
which may adsorb and immobilize nutrients and heavy metals through cation-exchange 
(McBride et al., 1997, Taiz and Zeiger, 2007). In addition to cation exchange reactions, heavy 
metals may form chelate complexes. This may lower the bioavailability of the specific metal 
involved (Alloway, 1995). The pH of the soil affects the stability of metal-organic complexes; 
high pH increases complexation (Berggren et al., 1990). 
 
 
 
 
 
 
 
Figure 3-5 A sketch of an idealized soil profile 
(Konhauser, 2007) .  
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3.2.2 General lead pollution history 
According to Komarek et al. (2008), atmospheric pollution is estimated to be 
approximately 5000 years old, first introduced in southwestern Asia. It was estimated a Pb 
production of 200 tons a year, which increased during the time of the Roman Empire to 
80 000 tons a year. Figure 3-6 illustrates the lead production from 5000 years before present. 
The lead production increased significantly from about 500 years ago. This coincides with the 
industrial revolution (1750-1850).  During the 20
th
 century lead emission increased 
predominantly by the increasing use of leaded gasoline (introduced in the 1920s (Dunlap et 
al., 1999)) followed by the increased industrial activity (Komarek et al., 2008). Figure 3-6b 
shows the lead production in terms of gasoline in the US. The column diagram in Figure 3-6c 
illustrates the significant amount of emitted lead associated with leaded gasoline in 1983.  
 
 
Figure 3-6 Three diagram showing cumulative lead production and discharge (A) from 5000 years before 
present, lead consumption in terms of gasoline in the US (B), and the worldwide lead emission to the 
atmosphere from various sources in 1983. All diagrams from Smith and Flegal (1995).  
 
In Norway, the dominating pollution sources from the 17
th
 century to about 1925 are 
considered to have been coal burning and ore-smelting, both from England and from The 
Continent (Aberg et al., 2004). Continuing from 1925 until 1950, Aberg et al. (2004), claim 
that waste burning, in addition to coal burning and ore-smelting comes into play. From the 
1950 till present day, leaded gasoline, waste incineration, and coal- and coke-burning are 
considered the most contributing sources of pollution (Aberg et al., 2004). According to 
Steinnes (2001), long-range atmospheric transport of trace-elements is the dominating source 
of contamination in Norway. The elements, zinc, arsenic, selenium, molybdenum, cadmium, 
tin, antimony, tellurium, thallium, lead and bismuth are considered to emanate from Europe. 
On the other hand, the elements, chromium, nickel, and copper originate from point sources 
within Norway. Also, point-sources located in northwestern Russia, close to the 
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Norway/Russia border, are considered to contribute with pollutants to the Norwegian 
environment (Steinnes, 2001).  
3.2.3 Lead content in gasoline used in Norway 
Figure 3-7 demonstrates the 
average Pb content of leaded gasoline 
used in Norway. Sale of low-octane 
gasoline terminated in 1987, while that 
of high-octane continued until 1997, 
when replaced by petrol containing a 
Pb substitute (Statistisk sentralbyrå, 
2002). The Norwegian leaded gasoline 
had a 
206
Pb/
207
Pb ratio between 1.07-
1.10 (Aberg et al., 2004).  
 
3.2.4 The pH and the lead content of precipitation 
Stations operated by KLIF (Climate and Pollution 
agency of Norway) are shown in Figure 3-8. However, 
not all stations perform the same type of measurements, 
and preferably, the stations located along the southwestern 
coast of Norway should be used in this study. Figure 3-9 
shows variation in rainwater pH as well as composition in 
terms of ammonia, sulphate (corrected for seasalt), and 
nitrate at Haukeland. Data between 1976 and 1982 are, 
however, missing. The pH increases from the 70s to the 
present, with a corresponding decrease in sulphate 
concentration. Figure 3-10 demonstrates Pb concentrations of precipitation in terms of µg/l 
measured at various stations (Birkenes, Nordmoen/Hurdal, Kårvatn and Svanvik) in the 
period 1976-2010. At Birkenes, a steep decline in Pb concentration is registered in the period 
between 1976 and 1986. By means of data from Birkenes station (located in southernmost 
Norway, see Figure 3-8), Steinnes (2001) points out that air concentrations of heavy metals in 
1978-1979 were highest during periods of south-easterly to south-westerly wind directions. 
This was also the case for a study performed during 1985-1986. Steinnes et al. (2005) 
 
Figure 3-7 Avarage lead content of leaded gasoline used 
in Norway. Data from Statistisk sentralbyrå (2002).   
 
Figure 3-8 Location of stations 
operated by KLIF. Figure from 
Schartau (2011b).  
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calculated that only 11.7% for 1978-1979 and 11.8% for 1985-1986 of the integrated amount 
of lead in Norway emanated from sources within Norway. Also, regular monitoring of 27 
elements in precipitation of 1989-1990 at 6 stations (Birkenes, Nordmoen, Osen, Kårvatn, 
Jergul and Svanvik), attributed 42% of the variation in element composition at Birkenes, to 
long range atmospheric transport (Berg et al., 1994, Steinnes, 2001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-9 Sulphate- (corrected for seasalt), ammonia-, nitrate-
concentrations and the pH of precipitation at Haukeland (for location see 
Figure 3-8). All values are mean values. Figure from Schartau (2011a).  
 
Figure 3-10 Lead concentrations in precipitation measured at different 
stations in Norway. All values are mean values. For location of these 
stations see Figure 3-8. Figure from Schartau (2011a). 
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3.3 Tree physiology 
Gymnosperms, producing softwood, and Angiosperms, producing hardwoods, are the 
two main categories of seed plants, with their names originating from the nature of the seeds 
(Hoadley, 2000, Taiz and Zeiger, 2007). The name gymnosperm is Greek for “naked seed”, 
which refers to these seeds as “naked” exposure to air, contrary to the angiosperm seeds 
which are “hidden” inside a fruit. Three types of wood exist: softwood (gymnosperms, 
i.e.conifers), diffuse porous wood and ring porous wood (e.g. oak) (Watmough, 1999). 
Diffuse porous- and ring porous wood is often referred to as hardwood.  
Gymnosperms are divided into four groups; Cycadophyta, Ginkgophyta, Gnetophyta, 
and Coniferophyta, with the largest group being the Coniferophyta. The Coniferophyta, 
known as the conifers (the name is reffering to «cone-bearers»), is comprised of eight families 
with currently 70 genera and 614 species (Farjon, 2010). Most of the conifers grow in the 
temperate zone of the northern hemisphere in regions such as Canada, Scandinavia and Russia 
and include trees as pine, fir, redwood and spruce.  
3.3.1 Structure of a seed plant 
The vegetative body of a seed plant can be divided into three separate parts: leaf, stem 
and root, with its general structure shown in Figure 3-11. This can be applied to all seed 
plants, despite their apparent diversity. Their main function is photosynthesis (leaf), support 
and transport (stem), and anchorage and absorption of water and minerals (root) (Taiz and 
Zeiger, 2007). The basic plant form/structure is obtained during a phase called primary 
growth (this structure is shown in Figure 3-11) at the apical meristems, which involves cell 
division and cell enlargement (Taiz and Zeiger, 2007). However, when this process is 
finished, secondary growth may occur. Secondary growth gives rise to the two lateral 
meristems vascular- and cork cambium (Taiz and Zeiger, 2007). Subsequently, these two 
meristems form secondary xylem (wood formation) and secondary phloem. Structures and 
features obtained during secondary growth are shown in Figure 3-13 (section 3.3.2). Some 
plant terminology encountered during the course of this master-thesis is included in an 
alphabetically ordered table, Table 3-2.   
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Figure 3-11 The general structure of a seed plant. Cross-sections of stem, root, and leaf show the 
respective structures and features inside. Figure from Taiz and Zeiger (2007).  
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PLANT TERMINOLOGY 
Apoplast A term used to describe the interconnected system containing all the cell walls and their associated water 
content (Taiz and Zeiger, 2007, Hine, 2008a).  
Cork cambium A lateral meristem forming an outer cork and secondary cortex known as pheolloderm. For location of this 
meristem, see Figure 3-14.  (Hine, 2008a) 
Cortex The tissue between the epidermis and the vascular tissue. Made up of parenchyma cells. (Hine, 2008a).  
Dermal tissue The outermost tissue of a plant body; consist of epidermal cells. (Taiz and Zeiger, 2007).  
Embolism Gas bubbles within the xylem sap (Zimmermann et al., 1971). 
Endodermis The innermost part of the root cortex containing the Casperian strip (Taiz and Zeiger, 2007, Hine, 2008a). 
Epidermis (dermal 
tissue) 
The outermost tissue of the plant body (dermal tissue) (Hine, 2008a). 
Ground tissue Consist of parenchyma-, collenchyma- and sclerenchyma cells. The main tissues cortex, pith and primary 
medullary rays (Hine, 2008a). 
Guard cell  Control the opening and closing of leaf pores (stoma) (Taiz and Zeiger, 2007).  
Lateral root A lateral root originating from the taproot (Hine, 2008b).  
Mesophyll The internal tissue of leaves. Consist of parenchyma cells (Hine, 2008a). 
Middle lamella See Figure 3-12 
Node A point on the stem where leaves arise (Hine, 2008a).  
Pericycle (branch 
meristem) 
An internal meristematic tissue (Taiz and Zeiger, 2007).  
Periderm The cork cambium, cork and phelloderm make up the periderm layer. Serves as protection. See  Figure 3-14 
for more information (Hine, 2008a).  
Phloem A vascular tissue conducting products (sugars) from photosynthesis to sites where needed (Hine, 2008a).  
Pit-pairs A pit-pair (see Figure 3-12) is two adjoining pits (circular gaps in the secondary walls), which are 
microscopic regions of thinned porous primary cell wall and absent secondary cell wall(Taiz and Zeiger, 
2007). 
Pith The center of a plant stem consisting of parenchyma tissue (Hine, 2008a).  
Plasma membrane A partially permeable membrane which form the boundary of cells, and regulates the flow of material (Hine, 
2008a). See Figure 3-12 
Plasmodesmata Cylindrical pores from 20 to 60 nm in diameter that connect the cytoplasms of adjacent cells (Taiz and 
Zeiger, 2007). 
Primary cell wall See Figure 3-12 
Ray cells Also known as medullary rays. Function as storage and also conduct food material radially (Hine, 2008a).  
Root cap Protector of the root and directing growth downward. If not present, root may grow upwards (Taiz and 
Zeiger, 2007).  
Root hairs Microscopic extensions of root epidermal cells (Taiz and Zeiger, 2007).  
Stele A term including features from the end of the cortex to the core of the root. It contains the vascular elements 
of the root (Taiz and Zeiger, 2007).  
Taproot The main part of the root for which lateral roots or fibrous root systems develop (Hine, 2008a).   
Traheids Xylem tissue of the conifers. Diameters of tracheids range from 20-60   . They are about 100 times longer 
than their respective diameters (Hoadley, 2000). See Figure 3-14 for a visual look.  
Vascular cambium A lateral meristem forming secondary xylem and phloem (Taiz and Zeiger, 2007).  
Vascular Tissue Xylem and phloem make up the vascular tissue (Taiz and Zeiger, 2007). 
Xylem A tissue in vascular plants, transporting water, mineral-nutrients and other elements (Taiz and Zeiger, 2007).  
  
Table 3-2 Some plant terminology encountered during this master-thesis.  
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3.3.2 Cells and tissues  
Figure 3-12 demonstrates the basic structure of 
three adjacent plant cells. The walls consist of a 
primary and a secondary wall, the first being thin while 
latter is thicker and stronger as a result of the presence 
of lignin. Each cell is cemented together by a middle 
lamella. A pit-pair (see Figure 3-12) is two adjoining 
pits (circular gaps in the secondary walls), which are 
microscopic regions of thinned porous primary cell wall 
and absent secondary cell wall. They provide a low-
resistance passageway for water between adjacent 
tracheids (Taiz and Zeiger, 2007). The cytoplasm of 
adjacent cells in a plant is interconnected to each other 
by cytoplasmatic bridges, called plasmodesmata. These are cylindrical pores from 40 to 50 
nm in diameter. This interconnection is referred to as the symplast (Taiz and Zeiger, 2007). In 
plants, three major tissue systems are recognized and make up the plant body. These are 
dermal tissue, ground tissue and vascular tissue. The vascular tissue consists of two types of 
tissues: xylem and phloem, both extending throughout the plant body (Taiz and Zeiger, 2007). 
Figure 3-13 shows the basic structures of a tree bole and the corresponding terminology 
obtained after secondary growth (the formation of wood). Also, a thin section of white pine is 
shown, displaying the tracheids making up the early- and latewood, ray cells and a resin 
channel. The ray cells conduct water and solutes radially, and may also store reserves when in 
surplus, and use them later when needed (Zimmermann et al., 1971). These rays cease to 
function in the conversion from sapwood to heartwood (Hagemeger, 1995).  
 
Figure 3-12 Simplified structure of 
three adjacent cells. For simplicity, the 
vacuole of only one cell is shown (Taiz 
and Zeiger, 2007). 
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Xylem functions as a water- 
and mineral-nutrition 
conductor, transporting 
water from the root system 
and higher up through the 
stem and finally through the 
leaves and into the 
atmosphere (Taiz and 
Zeiger, 2007). It consists of 
two types of tracheary 
elements: tracheids and 
vessel elements (see Figure 
3-14 for structure). For 
conifers, tracheids function 
as the water and mineral 
conducting tissue, and make 
up more than 90% of the 
total wood volume 
(Hoadley, 2000). The rest of 
conifer wood is made up of 
ray tissue (Hoadley, 2000). 
As Figure 3-14 
demonstrates, tracheids are elongated cells, and together they overlap and connect through 
pit-pairs. The composition and anatomical structure of the xylem tissue is not homogenous 
within a tree stem; it is spatially heterogeneous. Hence, according to Gartner (1995), physical 
and mechanical properties vary in accordance with xylem composition and structure. This 
must be taken into account when laser ablation is performed. The other tissue involved in the 
vascular tissue is the phloem. This tissue, however, translocates the products of 
photosynthesis, and differ from xylem be means of having living cells when functional (Taiz 
and Zeiger, 2007).  
 
Figure 3-13  Basic structures of an idealized bole of a tree. Note the 
ray cells, which will be of discussion later in this thesis as possible 
“channels” for metal mobility. (B) Thin section of white pine (conifer), 
magnified about 100 times. This figure shows tracheids (I), rays (II), 
and a resin channel (III).  Figure A from Esau (1977), and B from 
Hoadley (2000).  
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Figure 3-14 The vascular tissues: xylem and phloem, and their different structures (Taiz and Zeiger, 
2007).  
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3.3.3 Formation of tree-rings 
The formation of tree-rings varies with 
species, age, latitude and growing conditions 
(climate, soil, etc.). In the case of conifers growing 
in the northern hemisphere, annual tree-rings are 
formed (Zimmermann et al., 1971). Figure 3-15 
demonstrates a transverse section of wood of Pinus 
Ponderosa Laws. (a conifer). In conifers, growth 
rings are elucidated by the distinction between early- 
and latewood. Earlywood has larger tracheids and 
cells with thinner cell-walls, and is produced by 
rapid growth in the early part of the growing season 
(spring) contrary to latewood which is produced by 
slower growth in the summer and autumn, hence its 
denser structure (Zimmermann et al., 1971, 
Watmough, 1999). This produces the characteristic 
light coloured- and dark coloured wood, which is 
clearly shown in Figure 3-15, where the wider and 
larger tracheids form the earlywood, and the more 
dense and thick cells form the smaller tracheids 
elements of the latewood.  
 Heartwood and sapwood are terms used to 
distinguish dead and living xylem cells, 
respectively. Heartwood consists of cells thickened 
with lignin, providing structural support, while 
sapwood consists of xylem cells conducting water 
along with structural support (Hine, 2008a). The 
time of conversion from sapwood to heartwood, or 
the time of formation of heartwood, is widely 
discussed. Longuetaud et al. (2006) investigated the 
heartwood/sapwood boundary, along with its 
variation within and between 4 Norway spruce 
(Picea abies) stands in north-eastern France. When plotting the number of heartwood rings vs. 
 
Figure 3-15 The white semi-squares, 
encapsulated by a black colored margin, 
are the tracheids elements. E=Earlywood, 
L=Latewood. Figure from Zimmermann et 
al. (1971).  
 
Figure 3-16 Cross-section of red pine 
(conifer), and red oak (Angiosperm). The 
heartwood (dark area) and sapwood (light 
area) width is significant different between 
the two; the heartwood area of red oak 
being much wider. From Hoadley (2000).  
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the cambial age of the disc, they obtained a linear relationship with a linear correlation factor 
of 0.8415. Then, by linear regression they found the heartwood initiation age to be 17 years. 
For sapwood rings, a mean lifetime of 45 years was estimated by linear regression. This is in 
correlation with Zimmermann et al. (1971) which states that, quotation, “irreversible 
embolism seems to have occurred in all tracheids of a given growth ring by the time it has 
reached the age of 40 years”. A study by Cermak et al. (1992), showed that 10-12 out of total 
18 xylem rings of Norway spruce were carrying xylem sap. As shown in Figure 3-16, the 
heartwood/sapwood boundary is considerably different between species, and may also vary 
within the same species with changing growing conditions (Hoadley, 2000).   
 Some researchers claim that the heartwood/sapwood boundary is important when 
inferences on the radial Pb and other heavy metals distribution are to be drawn.  
3.3.4 Uptake and transportation of minerals and water 
Heavy metals can enter trees through roots, leaves and bark (Lepp, 1975). Water, 
mineral absorption and uptake by the root system is carried out near the root tips (Taiz and 
Zeiger, 2007), but as Kahle (1993) points out, uptake and response may vary with application 
levels, the duration of exposure, the species, age and nutritional status of the plant, 
transpiration conditions, and other physiological conditions. External factors (climate, 
topography, bioavailability, etc.) have been discussed earlier in section 3.2.1.2. Water and 
mineral nutrients can enter the root-system via three pathways: the apoplast-, symplast- or 
transmembrane pathway, but the precise points of entry for minerals have been of 
considerable debate (Taiz and Zeiger, 2007). According to Dunn (2007) lead is taken up by 
root hairs and from the C-horizon at a depth of 1-3 m (Kovalevski, 1987). Three different 
pathways are shown in Figure 3-17. When loaded into the tracheary elements of the xylem, 
the ions are translocated in the xylem sap to the shoot or other parts in the plant depending on 
the biological function. According to Dollar and Lepp, 1977 translocation happens by ion 
exchange with the xylem wall which carries a negative charge due to the carboxyl groups. 
Also, metals are most likely transported in a complexed form (Lepp, 1975). Thereof, the 
quantity of Pb deposited may not represent the total Pb carried within the xylem sap, but a 
fraction of it; namely, the readily bound ionic form.  Entry through roots is considered the 
major pathway for most elements (Watmough, 1999), and when they enter the xylem they are 
not necessarily restricted to the outermost tree ring (Lepp, 1975), cf. the sapwood/heartwood 
boundary discussed in section 3.3.3. This means that trace- and heavy metals may be 
transported in several adjacent tree rings simultaneously (Hagemeyer and Weinand, 1996). 
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However, this varies from species to species, e.g. Ellmore and Ewers (1986) reported that 
92±2% of all the fluid transport occurred in the outermost xylem increment of American Elm 
(Ulmus Americana).  
 In addition to mineral uptake by the root system, leaves can absorb mineral nutrients 
and heavy metals, in a process referred to as foliar uptake (Lepp, 1975, Taiz and Zeiger, 
2007). After foliar uptake, nutrients or other elements are carried from the leaf by the phloem. 
Then, lateral translocation from the phloem to the outer xylem may take place (Lepp, 1975). 
However, this is not considered a major pathway for metal uptake. Experimental studies 
applying dosages of Pb isotopes by means of simulated rainfall, show that only a small 
amount – one study report 10% (Lin et al., 1995), and another report 1% (Watmough et al., 
1999b) - of the isotopes are translocated away from the application area. However, these two 
studies investigated different elements on different species. The pH may also affect the 
 
Figure 3-17 Cross-section of a root, showing the apoplastic, symplastic and transmembrane parthways 
(Taiz and Zeiger, 2007).   
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amount of translocated metals from the application area (leaf), with low pH increasing the 
amount (Watmough et al., 1999b).  
 The final way of incorporate elements into tree rings is by direct deposition on bark, 
followed by movement, most likely apoplastic, from bark to wood (Lepp, 1975). Lepp and 
Dollard (1974b) applied 
210
Pb on the bark surfaces of three different species: alder, beech and 
birch. In all these, lateral movement of 
210
Pb from bark to wood occurred. They also observed 
that this lateral movement appeared to be unaffected by the presence of the active cambial 
zone; no difference between the dormant season and the growing season. This suggests that 
the process is a non-metabolic (Lepp and Dollard, 1974b). This mechanism of element 
incorporation may be important in deciduous trees (Lepp, 1975). However, as pointed out by 
Watmough (1999), the ratio between bark and root uptake will vary with tree species, soil 
properties and the chemical composition of rainfall.  
 Collectively, there are 3 possible ways to incorporate heavy metals in trees: root 
uptake, foliar uptake and direct deposition on bark. According to Watmough (1999), root 
uptake is considered the major pathway. Although uptake through bark may be a major 
pathway, the ratio between root and bark uptake will as mentioned differ and depend on 
several factors. Considering the above discussion on foliar uptake, this way of incorporating 
elements seems to be less important.  
3.3.5 Deposition of lead and heavy metals in trees 
  The binding of metals in xylem depends on its form in the xylem sap, i.e. free or in a 
complexed form with an organic ligand which reduces the affinity of binding (Lepp and 
Dollard, 1974a), the presence of other metal ions (competition), its ionic charge density and 
the number of binding sites (Watmough, 1999). The function of xylem as an ion exchange 
column may slow down or impede movement up the xylem tracheids by months or even 
years, as pointed out by Momoshima and Bondietti (1990). According to Dunn (2007), lead is 
stored as pyrophosphate in cell walls.  
 However, the processes specifically responsible for deposition of lead and other toxic 
heavy metals in tree rings are currently not known.  
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3.4 Tree-rings as an environmental archive 
The formation of annual tree-rings (cf. section 3.3.3) provides a high resolution 
method in resolving past pollution. Compared to the geographical distribution of lake 
sediments, peat bogs and ice cores, the distribution of trees is enormous. In addition to the 
widespread occurrence, tree-ring analysis is logistically simpler and less costly. However, 
discrepancies exist in literature on whether tree rings are reliable in terms of past pollution. 
The reason being that the use of tree-rings in environmental research relies on a fundamental 
assumption; annual-rings are assumed to preserve the annual uptake of trace-metals and heavy 
metals, “locking them up” without any further movement. According to Hagemeyer et al. 
(1992) it is important to not forget that, quotation: “even a very old trunk is still part of a 
living organism with the ability to control transport and allocation of nutrients effectively”. 
Mobilization of elements after deposition within a tree ring will smear out the historical 
record of pollution.   
 Researchers which have presented results and conclusions in favour, or arguing for the 
usefulness of the use of tree-rings include: Watmough et al. (1999a), Tommasini et al. (2000), 
Aberg et al. (2004), Savard et al. (2006), Mihaljevic et al. (2008) and Novak et al. (2010). 
Aberg et al. (2004), Mihaljevic et al. (2008) and Novak et al. (2010). Novak et al. (2010) 
compared their tree ring data with data from peat cores, and found that they were in 
agreement. Novak et al. (2010) wrote in their conclusion that factors such as radial mobility, 
sapwood/heartwood boundary, increase or decrease in ecosystem acidity, and soil buffering, 
did not seem to render or affect the Pb content in the annual rings of Norway spruce (Picea 
abies L.). Therefore, they conclude that this tree species successfully recorded the historical 
changes in the Pb deposition/precipitation of the area.. 
A review by Nabais et al. (1999) discussing whether dendroanalysis provides a source 
of information regarding environmental pollution, list seasonal variation and the 
heartwood/sapwood boundary as potential factors influencing the mobility of deposited 
elements. In terms of seasonal variation, this may be linked or attributed to seasonal changes 
in the composition of xylem sap. This is because elements bound to the negatively charged 
xylem walls, may be lost if a stronger ligand is present in the xylem sap. Hagemeyer and 
Schafer (1995) link changes in elemental distribution to changes in composition and xylem 
sap quantity. Another paper by Sauter and Vancleve (1992) reports an increase in amino acid 
content of xylem sap during spring, which again increases the capacity to form metal-
complexes. Hagemeyer and Weinand (1996) studied 5 years-old Norway spruce trees (Picea 
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abies) grown in lead contaminated soils. These soil samples varied in the amount of lead 
ranging from low to medium to high concentration. However, as pointed out by Hagemeyer 
and Weinand (1996), the highest lead concentration is never observed in the outermost tree 
ring. Xylem sap flows through several xylem rings at the same time, and it can be assumed 
that all the annual rings in this case were involved in xylem sap conduction (Hagemeyer and 
Weinand, 1996). They also measured the lead content in bark, and found that bark contained a 
higher concentration. The presence of rays between bark and wood (Vanbel, 1990), lead 
Hagemeyer and Weinand (1996) to suggest that this connection may function as a channel for 
radial transport; toxic elements are transported to the outer bark which is subsequently shed 
off, thereof a mechanism for detoxification. Also, translocation of trace metals between 
adjacent sapwood tree rings has been reported (Hagemeyer and Lohrie, 1995, Donnelly et al., 
1990) and the major pathway is thought to be via ray cells (Stewart, 1966). Donnelly et al. 
(1990) investigated radial translocation of lead in the laboratory, and found that both inward 
and outward movement occurred.  
 Collectively, the different aspects which may to a certain degree discredit the use of 
tree-rings as biomonitors include: mixture of natural geogenic lead and anthropogenic lead 
(Bindler et al., 2004) sapwood/heartwood boundary, intra-ring variability/heterogeneity, 
possible detoxification mechanisms (Stewart, 1966, Hagemeyer and Weinand, 1996), element 
mobility between adjacent tree-rings (possibly through pits in the tracheids), and the variation 
with stem level above ground  (this can however be omitted by comparing tree-rings at the 
same stem height). 
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4 Methods of study 
4.1 Sample preparation 
4.1.1 Preparation of wood samples 
Two Norway spruce (Picea abies) trees were selected for dendrochemical study (for 
location of the respective trees see Figure 3-1) by laser ablation inductively coupled plasma 
mass-spectrometer (LA-ICP-MS). They were harvested in early spring of 2011. Trunk 
segments ca. 20 cm thick, taken at approximately breast height, were taken to the laboratory. 
They were dried in the oven at 50°C for 24 hours. The two trunk segments were subsequently 
sliced into two strips of wood across the stem perpendicular to the growth rings passing 
through the pith. Then the separate strips of wood were sliced across the light colored wood 
(earlywood) by razor blade into 2-3 years increments and mounted in 1-inch epoxy blocks and 
subsequently grinded and polished in order to get flat and smooth surfaces suitable for laser 
ablation (the epoxy blocks are shown in Figure 4-1). The grinding and polishing of all nine 
samples were carried out in three steps. First, coarse grinding with a diamond wheel, followed 
by grinding with silicon carbide (15,14 and 12 microns), and finally with 1 micron aluminum 
oxide (Buehler) on a soft polishing wheel. 
 
Figure 4-1 Wood increments from the two trees mounted in 1-inch epoxy blocks. The 
epoxy blocks A-E and F-I contain wood increments from tree #2 and #1, respectively.   
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4.1.2 Standard and blank preparation 
Four different standards and one blank (cellulose powder) were prepared for LA-ICP-MS 
analysis. The four different standards were the in-house wood standard (Novak et al., 2010), 
ERM-CD100 wood standard, cellulose powder (α-cellulose from Sigma-Aldrich, Lot # 
BCBF5683V) mixed with NIST-612, and cellulose powder mixed with BCR-2 (Basalt, 
Columbia River reference material). NIST is the short abbreviation for National Institute of 
Standards and Technology. Table 4-1 lists the amount of cellulose, BCR-2 and NIST-612 
used when making the cellulose+BCR-2 and cellulose+NIST-612 standards. In Table 4-2, the 
mean Pb concentration of the three standard materials, BCR-2, NIST-610 and NIST-612 are 
listed. All the standards were grinded, mixed and homogenized thoroughly while there was no 
need to grind the already fine-grained homogenized cellulose powder. 
 
 Cellulose (g) 
  
BCR-2 (g) NIST-612 (g) 
Cellulose + BCR-2 0.1091  0.0109  
Cellulose + NIST-612 0.1008   0.0107 
    Table 4-1 The making of cellulloce+BCR-2 and cellulose+NIST-612. Weight of 
cellulose powder, BCR-2, and NIST-612 are listed in the different columns. 
 
 
 Pb, mean ± 1SD (µg) 
 BCR-2 11.31 ± 2.02 
NIST-610 417 ± 29 
NIST-612 38.59 ± 2.64 
  
Table 4-2 Calculated mean concentrations of published data from GEOREM (a 
Max Planck Institute database for reference materials of geological and 
environmental interest). 
  
The in-house wood standard, NIST-612 and BCR-2 were grinded with ethanol in a mortar and 
stored in separate plastic bottles until use. However, this procedure did not work for the ERM-
CD100 wood standard. ERM-CD100 wood standard consist of quite long and thin splinters of 
wood, and had to be grinded into fine powder in order to produce homogenous pellets. This 
was done in an agate mortar. Before use, the agate mortar was cleaned with ethanol, and a 
batch of wood splinters were grinded and discarded in order to be sure there was no 
contaminants left from previous uses, then the wood splinters for standard preparation were 
introduced into the mill. The fine powdered NIST-612 and BCR-2 were mixed with cellulose 
and homogenized with ethanol in the mortar. The pellet making was carried out by 
compressing the powder in a hydraulic press under the weight of ten tons for five minutes. 
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The pellets were prepared in the following way: from low to higher concentration of lead (see 
Table 5-6 for concentrations). This was done in order to decrease the level of possible lead 
contamination and between the makings of each pellet, the apparatus, the piston and other 
devices in contact with the powder, were thoroughly rinsed with ethanol and dried.  Two 
pellets of each standard and one blank were prepared and stored in plastic boxes before 
analysis by LA-ICP-MS.  
 The lead concentrations for NIST-610, cellulose+BCR-2 and cellulose+NIST-612 
were calculated by using published data at GEOREM (Table 5-6). 
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4.2 LA-ICP-MS 
Laser ablation of solids using pulses from a laser and transfer of the released material to 
the inductively coupled plasma mass spectrometry (ICP-MS) in a gas flow, usually of Ar or 
He, is a very attractive alternative to the nebulization of aqueous sample solutions (Durrant, 
1999). The method was first introduced in 1985 and is now a widely used technique in the 
Earth sciences and various biological and environmental studies. In contrast to the traditional 
sample dissolution method, this in situ method avoids the use of potentially hazardous 
reagents such as HF, H3PO4, and H2O2, and reduces the risk of contamination and the loss of 
volatile elements (Durrant, 1999). It offers reduced sample preparation time, no sample size 
requirements, increased sample throughput, reduced spectral interferences, in situ spatially 
resolving analysis, and lower limits of detection (LOD) as the samples are not diluted 
(Vanhaecke and Moens, 1999). The major limitations are the variations of the analyte 
response during the ablation process, defined as elemental fractionation and calibration 
typically requires matrix-matched standards (Durrant, 1999).  
4.2.1 Principles of LA-ICP-MS 
4.2.1.1 Laser principles 
Atoms and molecules exist in discrete energy states, and a change from the ground state 
(lowest energy level, most stable) to a higher energy state, by means of excitation of one or 
more electrons, followed by spontaneous or stimulated emission of photons, is the basic 
principle in laser operations. In the case of solid-state laser, which is the type of laser used in 
this study, excitation occurs within the inner incomplete electron shells (Koechner and Bass, 
2003).  The ground state is more populated than the higher ones, and to achieve higher energy 
states, energy has to be supplied to the system in order 
to maintain this non-equilibrium state. This happens in 
terms of radiation by an external pump source, a light 
source, such as a flashlamp, continuous-wave (cw) arc 
lamp, or diode laser (Koechner and Bass, 2003). When 
the inverted population is obtained, this material 
functions as an amplifier, that is, it will amplify 
incident electromagnetic radiation at the frequency 
corresponding to the energy level difference. Hence its 
 
Figure 4-2 The energy levels of a 
Nd:YAG laser. From (Durrant, 1999).  
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name LASER: Light Amplification by Stimulated Emission of Radiation (Koechner and Bass, 
2003).  
The laser used to ablate the tree rings is the solid-state Nd:YAG laser. It is a crystal 
composed of Y3Al5O12 (yttrium aluminum garnet), where about 1% of Y
3+
 is substituted by 
Nd
3+
 (Koechner and Bass, 2003). The energy-level diagram of the the Nd:YAG laser is shown 
in Figure 4-2. It has four energy levels – with lasing between metastable levels (Durrant, 
1999). The lasing of the of Nd:YAG has a fundamental wavelength of 1064.1 nm, and in the 
case of the apparatus used in this thesis (New Wave UP-213), the final output radiation has a 
wavelength of 213 nm (frequency quintupled compared to that of 1064.1 nm). The laser can 
be operated in Q-switch mode which prevents lasing during pumping, allowing the population 
of E1 to reach large values (Koechner and Bass, 2003). Figure 4-3 illustrates the schematics of 
a Nd:YAG laser system. When ablation takes place in the sample chamber, the ablated 
material is carried away by Ar or He gas to the ICP-MS (Durrant, 1999). The radiation-
sample interactions depend upon numerous variables, both related to the laser, the sample, 
and atmosphere within the sample chamber. Considering the laser beam, some important 
parameters are the wavelength, the energy and the spatial and temporal form. Sample 
parameters or characteristics are heat capacity, heat of vaporization and thermal conductivity. 
 
Figure 4-3 Schematics of Nd:YAG laser and the following ablation (Jackson).  
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Some of the incident radiation is reflected at the sample surface, and the amount of reflected 
radiation can be decreased by increasing the energy of the laser pulses (Durrant, 1999). 
Absorption creates photoelectrons and ions may also be emitted. At the sample surface, the 
energy of the incident laser beam is converted to heat, which first melts the material followed 
by boiling. However, different elements will vaporize at different rates, and the existence of 
high temperature gradients along the periphery of laser craters, segregate elements. This may 
lead to the composition of the ablated material being different from the true value (Durrant, 
1999). Absorption can however differ between biological samples and inorganic samples, and 
biological samples can show little or no evidence of melting or thermal damage (Hoffmann et 
al., 1994). The ablated material takes the form of droplets and vapour. Ideally, the particles 
diameters should be between 3µm and 5nm which yield a transport efficiency of  > 80% 
(Durrant, 1999). This is because too large particles would settle out in the ablation cell or in 
the transfer tube and too small once would be lost by diffusion. The ratio of the amount of 
material ionized in the ICP-MS to that ablated may be a measure of overall efficiency 
(Durrant, 1999).  
4.2.1.2 Inductively Coupled Plasma-Mass spectrometry principles 
Two types of mass-spectrometers were used in this thesis: a single- and a multi-
collector, double focusing magnetic sector ICP-MS.  The single collector ICP-MS was used 
for element analysis and the multi collector was used for the lead isotopic analysis. The two 
mass spectrometers used were Thermo Finnigan Element 2 (single collector) and Thermo 
Finnigan Neptune (multi collector), their schematics are shown in Figure 4-4.  
  
 
 
 
a B 
Figure 4-4 The schematics of Thermo Finnigan Element 2 (a), and Thermo Finnigan Neptune (b). Both 
figures are from the manufacturer.  
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In the ICP-module, the particles from laser ablation or solution droplet are first 
nebulized. The droplets should be less than 10 µm in diameter to obtain an efficient 
desolvation, volatilization and atomization. The large droplets are removed by condensation 
on the walls of the spray chamber and are subsequently pumped into the waste chamber 
(Finnigan-Neptune-Manual, 2004). The aerosol (solution or laser ablation material) is directed 
into the injector of the plasma-torch where it is injected into the centre of the argon-plasma, 
and subsequently atomized and ionized. 
In the single and multi-collector ICP-MS the mass analyser is positioned before and 
after the electrostatic analyser respectively. The separation of ions by mass is controlled by 
the mass analyser (magnet). The basic principle of a magnetic sector mass analyser is the 
deflection of a charged particle passing through a magnetic field. Its curvature depends on the 
intensity of the magnetic field, the mass/charge ration of the ion and its acceleration (Potts, 
1987). Equation 4-1 describes the relationship between the kinetic energy of the atom and the 
force of the magnetic field: 
 
 
 
 
    
  
 Equation 4-1 
where m and e are the mass and charge of the ion, H the intensity of the magnetic field, r the 
radius of the ion trajectory, and V the potential gradient (Potts, 1987).  
 The electrostatic analyser separates the ions according to their kinetic energy. This 
narrows the energy distribution of the ion beam which results in higher mass resolution. 
Equation 4-2 describes the radius of curvature of the ion beam: 
   
   
     
 Equation 4-2 
where r is the radius of the ion beam, E the voltage difference between the electrostatic plates, 
d the distance between the plates, e the charge of the ion and KE is the kinetic energy (Potts, 
1987).  
 A SEM (Secondary electron multiplier).  B A farady cup.  
Figure 4-5 The detector of Finnigan Neptune multicollector ICP-MS (a) and of Finnigan Element 2 (b). 
Both figures from Potts (1987).  
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The single collector ICP-MS uses secondary electron multiplier to detect the ions while the 
multi collector ICP-MS uses faraday cups as detectors (9 in total). Their geometry are shown 
in Figure 4-5a and b, respectively.  
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4.3 Analysis of lead isotopes 
The isotopic composition of the individual tree rings was measured using Nd:YAG 
213 nm laser (New Wave UP-213) coupled to a Finnigan Neptune multi-collector ICP-MS 
(Thermo Finnigan). Tuning of the instrument was performed with SRM981 solution standard 
with 100 ppb of natural Tl with 
205
Tl/
203
Tl = 2.3871 (Dunstan et al., 1980). A sensitivity of 7V 
was obtained for 
205
Tl.  
Repeated measurements of the Pb standard solution gave 
207
Pb/
206
Pb = 0.914632 ± 5 and 
0.914633 ± 5 which is in agreement with the recommended value of 0.91464 ± 33 (Table 
4-3).  
 SRM981+Tl(100 ppb) Tree-rings (11.11.09) Tree-rings (11.11.10) Unit 
Extraction -2000 -2000,0 -2000,0 V 
Focus -668,0 -619,0 -641,0 V 
X Deflection -4,91 -5,42 -6,25 V 
Y Deflection -2,53 -0,83 0,39 V 
Shape 210,00 210,00 210,00 V 
Rot Quad 1 -16,01 -16,98 -16,98 V 
Foc Quad 1 -19,89 -19,89 -19,89 V 
Rot Quad 2 0,00 - - V 
Source Offset -23,00 -23,00 -23,00 V 
Focus Offset 29,70 29,70 29,70 V 
Matsuda Plate 0,34 0,34 0,34 V 
Cool Gas 15,00 16,00 16,00 L/min 
Aux Gas 0,82 0,82 0,82 L/min 
Sample Gas 1,220 0,874 0,880 L/min 
Add Gas 1 0,00 0,65 0,65 L/min 
Add Gas 2 0,00 0,00 0,00 L/min 
X-Pos 1,000 1,390 1,200 Mm 
Y-Pos -0,820 -0,440 -0,580 Mm 
Z-Pos -4,000 -4,000 -4,000 Mm 
Peri Pump 7,50 7,50 7,50 rpm 
RF Power 1250 1250 1250 W 
Table 4-4 ICP-MS parameter values used in various analysis.  
 
 Certificate values 
from NIST 
Run #1 Run #2 
204
Pb/
206
Pb 0.059042 ± 0.000037 0.064561 ± 0.000002 0.059049 ± 0.00018 
207
Pb/
206
Pb 0.91464 ± 0.00033 0.914632 ± 0.00001 0.914633 ± 0.00001 
208
Pb/
206
Pb 2.1681 ± 0.0008 2.16654 ± 0.000022 2.16654 ± 0.000028 
    Table 4-3 The results from the solution standard (SRM981+100ppb natural Tl) ICP-MS analysis. The 
certificated values stem from the certificate of analysis from National Institute of Standards and 
Technology (NIST). All values are listed with its two standard deviations.  
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After tuning and optimum performance was achieved, the laser was connected. Table 4-4 lists 
the parameters used for the standard solution and the tree-ring analysis. The darker part of the 
wood (latewood) was selected for LA-ICP-MS analyses because of its denser structure (less 
porous) with better ablation characteristics. The laser was programmed to scan tracks of 500  
µm in length and 100µm in diameter parallel to 
the tree rings. Figure 4-6 illustrates how the laser 
was programmed for both the lead isotopic 
analysis and the element analysis. The rasters were 
placed in the latewood next to the 
earlywood/latewood boundary. The analysis of 
tree #1 and #2 was carried out over two days, and 
the 6 pellets (standards+blank) were periodically 
analysed during the course of the analysis. A laser 
beam with a repetition rate of 20Hz, and fluence 
of 5J/cm
2
, was scanned across the different pellets 
along 500 µm long patterns. The laser parameters 
are listed in Table 4-5. Blank values were acquired 
for 50 seconds followed by laser ablation for 200s, 
and the whole data acquisition consisted of 250 
cycles. Ablated material was flushed with He (0.65 L min
-1
) which later was mixed with Ar 
gas (0.874 L min
-1
 for 11.11.09 and 0.880 L min
-1
 for 11.11.10 ) carrying Tl tracer solution. 
For tracer solution, natural Tl solution (Merck, 1000 ppm and 
205
Tl/
203
Tl = 2.3871) was 
diluted with 2% nitric acid (HNO3) to 100 ppb. Simultaneous nebulization of Tl tracer 
solution and aerosols from laser ablation were performed in order to correct for mass-
discrimination of lead isotopes. The Neptune Faraday cup configuration is listed below: 
Detector L3 L2 L1 C H1 H2 H3 
Isotope 
202
Hg 
203
Tl 
204
Pb 
205
Tl 
206
Pb 
207
Pb 
208
Pb 
 
A sensitivity of 0.7 V was obtained for 
205
Tl.  Data were subsequently corrected for gas blank, 
Hg interference on 
204
Pb, and mass discrimination of Pb isotopes. The effect of mass 
discrimination was corrected by using the exponential law and the measured Tl isotopes of the 
tracer solution. After laser ablation, the annual rings were counted in the microscope and 
resulted in ages of 43 and 42 years for tree #1 and #2, respectively. 
 
 
Figure 4-6  Simplified sketch showing the 
two tracks of the lead isotope (2)- and heavy 
metal (2)- analysis, respectively.   
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 Lead isotope analysis Element analysis 
Frequency 20 Hz 20 Hz 
Fluence 5J/ cm
2 
2.6 J/cm
2 
Ablation time 200 s 60 s 
Washout time 60 s 45 s 
Gas blank 50 s 34 s 
Scan speed 10 µm/s 10 µm/s 
Laser-beam spot diameter 100 µm 100 µm 
Laser track length 500 µm 200  µm 
   Table 4-5 Laser parameters values used in the lead isotope and element analysis.   
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4.4 Element analysis 
Prior to analysis, tuning of the 
instrument by in-situ measurements of 
NIST-612 gave a sensitivity of analysis 
equal 4600 cps/ppm U. Several standards 
were investigated during the course of the 
analysis: NIST-612, NIST-610, BCR-2G, 
in-house wood standard and ERM-
CD100. The aim of this analysis was to 
obtain element concentrations in the 
individual tree rings. However, for the in-
house wood standard, only the lead 
concentration is known (Novak et al., 
2010), and for the ERM-CD100 wood 
standard, only Ar, Cd, Cr, Cu, Hg and Pb 
are known (ERM-CD100 certification 
report). This limits the range of elements 
that can be determined in the tree rings. 
The following isotopes were analyzed to 
obtain the elemental contents in the tree 
rings: 
12
C, 
24
Mg, 
28
Si, 
29
Si, 
43
Ca, 
44
Ca, 
51
V, 
52
Cr, 
53
Cr, 
59
Cr, 
60
Ni, 
63
Cu, 
66
Zn, 
75
As, 
79
Br, 
111
Cd, 
202
Hg, 
208
Pb and 
238
U. The laser and ICP-MS parameters for this analysis are 
listed in Table 4-5 and Table 4-6, respectively. For the internal standard 
12
C was selected.  
 Programming of the laser was carried out the same way as for the lead isotope analysis 
with some different settings such as laser fluence, ablation time, washout time, gas blank and 
the laser track length (see Table 4-5).  
 
 
 
 
 
 
Parameter Value 
Resolution Low % 
Focus offset 30,0 % 
UaUb 0,120 
 
L/min 
Cool gas 15,52 L/min 
Aux gas 0,88 L/min 
Sample gas 0,995 L/min 
Additional 1 0,645 Watt 
Plasma power 1300 V 
Extraction -2000,0 V 
Focus -864,0 V 
X-Deflection 0,70 V 
Y-Deflection 3,28 V 
Shape 105,00 V 
Rotation quadrupol 1 0,00 V 
Rotation quadrupol 2 0,00 V 
Focus quadrupol 1 0,00 V 
Focus quadrupol 2 0,00 V 
Matsuda-Plate 58,13 V 
SEM-Deflection -45,00 V 
SEM 2205,0 V 
Guard Electrode YES  
Additional 2 0,000 L/min 
Torch X-Pos 2,300 mm 
Torch Y-Pos 0,900 mm 
Torch Z-Pos -4,800 mm 
Peri. Pump Speed 0,00 rpm 
 
Table 4-6 ICP-MS parameters for the element analysis.  
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5 Results 
All results and the statistical tests encountered are listed in the appendix.  
5.1 Data evaluation 
5.1.1 Analysis of lead isotopes 
 
5.1.1.1 Evaluation of instrument drift 
The drift was evaluated 
by plotting the recorded 
208
Pb 
signal (Volts) of the periodically 
analysed in-house wood and the 
ERM-CD100 wood standard. 
Figure 5-1 and Figure 5-2 
demonstrates the 
208
Pb signal (in 
volts) registered from the In-
House and ERM-CD100 
standards. The correlation factor 
of the two trend-lines of the In-
House and ERM-CD100 are 
0.4491 and 0.1252, respectively. 
The significance of the 
instrument drift was evaluated 
with the “Spearman’s rank 
correlation test” (see appendix 
9.3.1 for more information). This 
test allows evaluating the 
dependence on two variables, in 
this case time (x) and the 
208
Pb 
signal (y), and ascribe the significance of correlation. For the In-House and ERM-CD100 
standards rs values of -0.7846 and -0.4725 were obtained. This shows a negative relationship 
between time and the registered 
208
Pb signal indicating a drop in sensitivity during the 
analysis. The in-house and the ERM-CD100 wood standard demonstrate a significant drift of 
95% (        with 12 degrees of freedom) and 90% (        with 11 degrees of 
 
Figure 5-1 Measured 
208
Pb signal (Volts) in the In-House 
standard during the course of analysis.  
 
Figure 5-2 Measured 
208
Pb signal (Volts) in the ERM-CD100 
standard during the course of analysis. 
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freedom) confidence level, respectively. However, since we are only seeking lead isotopic 
ratios, any drift correction may be omitted.   
 
5.1.1.2 Pre-ablation – evidence of contamination 
The effect of pre-ablation is illustrated in Figure 5-3. Here, ablation of both one 
standard (in-house wood standard) and one tree ring are shown for comparison. The first laser 
scans (50-100 cycles approx.) of all measurements were discarded due to the possibility of 
contamination. For the tree rings, this contamination is evident by the relatively high 
208
Pb 
signal during the first scan. This contamination affects all tree rings, though to different 
degrees. For the standards, contamination is not particular pronounced. This is may be due to 
the different sample preparation procedures – the sample preparation of the tree rings involves 
more potential sources of contamination (e.g. the grinding and polishing procedure in section 
4.1.1).  
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Figure 5-3 The raw signal of 
208
Pb for one measurement of the in-house standard (a) and the one tree ring 
formed in 2010 in tree #2 (b). The red stippled vertical lines indicate the interval used for background 
signal, and the solid red vertical line indicates the interval of the analyte signal. The plot also shows signal 
of 
205
Tl from the tracer solution.  
 
Figure 5-4 demonstrates a picture of a tree ring from tree #1 taken with an optical microscope. 
The ablation rasters from the lead isotopic- and heavy metals analysis indicate the area of the 
material analysed.  
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Figure 5-4 Microscope picture displaying the late- and earlywood of one tree ring in tree #1 along with the 
two ablation rasters in the latewood corresponding to the two analysis: the heavy metal analysis (200 µm 
in length) and the lead isotopic analysis (500 µm in length). The white small particles between the cells 
most likely represent relics from polishing. Also indicated are the ray cells.  
 
5.1.1.3 Analyte signal vs. background signal 
The lower limit of detection depends on numerous variables like laser energy, ablation 
pit volume, transport efficiency from sample chamber to the ICP-MS, the sensitivity of ICP-
MS, polyatomic ion interferences, background intensity, along with other minor important 
parameters (Gunther et al., 1996). Since this analysis is a lead isotopic ratio analysis and not a 
concentration analysis, no internal standard was used. Factors affecting the intensity 
(measured in volts) of the 
208
Pb signal, like variation in the amount of ablated material in 
standards and tree rings, are not significant when calculating the lead isotopic ratios. Figure 
5-5 demonstrates the variation of the lower limit of detection (      ) for 
208
Pb throughout 
the time of analysis. As it appears, the in-house wood standard shows consistently larger 
background signal than the other standards, blank (cellulose pellet) and tree rings. However, 
one measurement of NIST-610 has considerable high background signal. Background count 
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rates, or in this case measured in volts, may result from random ions, photons, random 
electronic noise generated in the detectors and poor flushing of the ablation chamber and the 
transport plastic tube connected to the ICP-MS. Poor flushing and the relative high lead 
content of the ERM-CD100 standard analysed prior to the in-house wood standard (see Figure 
5-5), may be the reason for the consistently higher background registered for the in-house 
standard.  
  
Figure 5-6 demonstrates the signal to background logarithmic ratio of 
208
Pb for the various 
standards and the blank. The cellulose (blank) pellet show low signal to background ratios and 
one measurement even demonstrates larger background signal than sample signal (evident 
from the negative plot). This measurement is discarded, and based on the low signal to 
background ratio of the other measurements, it is reasonable to conclude that this pellet 
contains negligible amount of lead. Therefore it is not necessary to subtract the lead intensities 
measured for the cellulose blank, from the lead intensities for the cellulose+BCR-2 and 
cellulose+NIST-610 standards. Among the standards, the ERM-CD100 shows the overall 
highest signal to background ratios.  
 
Figure 5-5 Lower limit of signal detection (LLD) from the lead isotopic LA-ICP-MS analysis of the tree 
rings, blank and standards. The black vertical grid lines function to separate the standard and tree ring 
analysis. Stds: Standards, Tr #1: Tree #1, Tr #2: Tree #2.   
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Figure 5-6 Plot of the signal to background ratio (SBR) for the various standards and the one blank.   
 
Figure 5-7 and Figure 5-8 demonstrates the 
208
Pb signal detected from the tree ring analysis 
along with the lower limit of signal detection. This is plotted in order to investigate if the 
signals recorded from the tree ring analysis are significantly different from the background 
signal. For tree #1 and #2, low 
208
Pb signals are recorded from approx. year 2006 to the 
present. For tree #2, evident from the troughs in Figure 5-8, low signals are also recorded in 
1984 and 1975. Some years overlap between the signal and the LLD. The low readings 
recorded in the outermost tree rings, and bark of the respective trees, have to be carefully 
interpreted. When interpreting lead isotopes, this problem should be addressed, before 
drawing any conclusion about the variation in the lead isotope ratios.  
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Figure 5-7 The 
208
Pb signal in volts measured in the annual rings of tree #1 and the lower limit of signal 
detection.  
 
Figure 5-8 The 
208
Pb signal in volts measured in the annual rings of tree #2 and the lower limit of signal 
detection.  
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5.1.1.4 Standard evaluation 
5.1.1.4.1 In-House wood standard 
Figure 5-9 demonstrates the obtained results in terms of the 
207
Pb/
206
Pb ratio for the in-
house standard. According to the Cramer-von Mises test for distribution normality (see 
appendix 9.3.2 for test function and results), the data conform to a normal distribution with 
95% confidence level. The red colored data point in Figure 5-9 appears to be an outlier due to 
its separation from the rest of the measurements. Since the data conforms to a normal 
distribution, this can be checked by calculating the three-standard deviations and if the 
prevailing measurement is outside the three-standard deviation, the measurement can be 
discarded on statistical grounds. After calculating the three-standard deviations, this 
measurement proves no to be significantly different from the rest of the measurements. Figure 
5-10 compares the results of our measurements with the published measurements from Novak 
et al. (2010). Our measurements (
207
Pb/
206
Pb) were in agreement with the reported mean and 
 
Figure 5-9 A plot of the measured 
207
Pb/
206
Pb 
ratio of the In-House standard, showing the mean 
(0.85215) and the two-standard deviation 
(0.00131). The data point colored in red was a 
potential outlier. See text for more information. 
n=14 
 
Figure 5-10 Comparison with published mean and 
two-standard deviation, 0.8518 ±0 .0007 from Novak 
et al. (2010). The in-house mean colored in blue is the 
mean as in Figure 5-9.  
 
 
 207Pb/
206
Pb
 
n Mean 2SD 3SD RSD 
Mean 14 0.85215 0.0013 0.0020 0.08% 
Novak et al. (2010) NA 0.85178 0.0007 0.0011 0.04% 
      Table 5-1 Results from the in-house wood standard analysis in terms of n-numbers of replicates, mean and 
standard deviation. For comparison, the published mean and standard deviation obtained from LA-ICP-
MS analysis by Novak et al. (2010) of the same compound are listed.  
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standard deviation of Novak et al. (2010). Table 5-1 lists the mean and standard deviation of 
the in-house analysis, and the published measurements from Novak et al. (2010).  
5.1.1.4.2 ERM-CD100 
Figure 5-11 demonstrates the 
207
Pb/
206
Pb values obtained for the ERM-CD100 wood 
standard analysis along with the calculated mean value and two-standard deviations. Figure 
5-12 shows the frequency distribution of the measurements. The measurements conform to 
normal distribution (Cramer-von Mises test) with 95% confidence level (see Table 9-6 in 
appendix 9.3.2 for results), and all measurements fall within the two-standard deviations. 
Table 5-2 lists the number of measurements (n), the calculated mean value, two-standard 
deviations and the relative standard deviations.  
 
Figure 5-11 A plot of the measured 
207
Pb/
206
Pb 
ratio of the ERM-CD100 standard, showing the 
mean and the two-standard deviation (colored in 
transparent blue), 0.79623 ± 0.00017.  
 
Figure 5-12 Frequency distribution of the ERM-
CD100 measurements. The measurements are 
grouped in intervals of 0.00005.  
 
 207Pb/
206
Pb
 
 n Mean 2SD RSD 
ERM-CD100  14 0.79623 0.00017 0.011% 
     Table 5-2 The calculated mean, two-standard deviation and relative standard deviation of the ERM-
CD100 LA-ICP-MS analysis. n represents the number of replicate measurements.   
 
5.1.1.4.3 NIST-610 standard 
Figure 5-13 shows the 
207
Pb/
206
Pb values obtained for the NIST-610 LA-ICP-MS 
analysis, along with the mean value and the two-standard deviations. Performing the Cramer-
von Mises test for distribution normality suggests the measurements are not normally 
distributed with 95% confidence level (see Table 9-6 in appendix 9.3.2 for results). Figure 
5-15 demonstrates a frequency plot showing the distribution of the in-house data and data 
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from GEOREM. Most of the in-house measurements have values between 0.9095 and 0.9097. 
The data point marked red in Figure 5-13, may serve to distort the distribution curve towards 
a positively skewed distribution, thereby failing the normality test. When considering the 
measurement marked in red as an outlier, and performing the Cramer-von Mises test once 
again, the data conformed to a normal distribution with 95% confidence level. The new mean 
along with its new two-standard deviations are listed in Table 5-3.  
 
Figure 5-13 A plot of the measured 
207
Pb/
206
Pb ratio of the NIST-610 standard, showing the mean (0.9096) 
and the two-standard deviation (0.0005). The data point colored in red is considered as an outlier. The 
new mean and two-standard deviation are listed in Table 5-3.  n=27 
 
Figure 5-14 Comparison with published 
207
Pb/
206
Pb mean values at GEOREM. The mean value marked as 
a red square is considered as an outlier. Sample mean (blue colored): 0.9095 ± 0.0003. GEOREM mean: 
0.9097 ± 0.0008. 
 
The calculated mean and two-standard deviations of data from GEOREM are also listed. 
Figure 5-14 compares out results with that published at GEOREM. Figure 5-15 demonstrates 
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that most of the mean-values from GEOREM are lower than 0.9100, which is also the case for 
our measurements. This further supports discarding the outlier. Our calculated 
207
Pb/
206
Pb 
mean for NIST-610 were in agreement with published values at GEOREM.  
 
Figure 5-15 Diagram showing the frequency of occurrence of the different in-house measurements and 
measurements published at GEOREM. The values are grouped in intervals of 0.001.  
 
 
 n Variance Mean 2SD RSE 
NIST-610  27 0.0000000660 0.9096 0.0005 0.029% 
NIST-610 (Outlier removed) 26 0.0000000280 0.9095 0.0003 0.019% 
GEOREM 18 0.0000007675 0.9099 0.0018 0.096% 
GEOREM (outlier rejected) 17 0.0000001739 0.9097 0.0004 0.046% 
      Table 5-3 The variance, mean, two-standard deviation and relative standard deviation of the 207Pb/206Pb 
ratio of the analysis and the values published in GEOREM. n=number of replicates. For GEOREM n 
represents the number of published measurements used for calculation of the mean.  
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5.1.1.4.4 Cellulose+BCR-2 standard 
Figure 5-16 demonstrates the 
207
Pb/
206
Pb ratios obtained from the cellulose+BCR-2 
analysis. All measurements fall within the two-standard deviations. Applying the Cramer-von 
Mises test for distribution normality on the data, the measurements conformed to a normal 
distribution with 95% confidence level (see Table 9-6 in appendix 9.3.2 for results). However, 
as Figure 5-16 shows, only 5 mean values were obtained which is not ideal for assessment of 
distribution normality. Figure 5-17 compares the in-house measurements of the standard, and 
the published 
207
Pb/
206
Pb values of BCR-2 from GEOREM. They were in agreement.  
 
 
Figure 5-16 A plot of the measured 
207
Pb/
206
Pb 
ratio of the cellulose+BCR-2 standard, showing 
the mean (0.8535) and the two-standard 
deviations (0.0100). 
 
Figure 5-17 Comparison of our in-house 
cellulose+BCR-2 measurements with published 
(GEOREM) values of BCR-2. Not all standard 
deviations are listed for the means from GEOREM 
and are therefore omitted in this plot. See Table 5-4 
for values.  
 
 n Mean 2SD RSD 
CELL+BCR-2 5  0.8335 0.01 0.6% 
BCR-2 (GEOREM) 10 0.8327 0.0005 0.03% 
     Table 5-4 The mean value, two-standard deviations and the relative standard deviation of the cellulose+BCR-
2 standard LA-ICP-MS analysis. For BCR-2 n represents the number of published measurements used.  
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5.1.1.4.5 Cellulose+NIST-612 standard 
Figure 5-18 shows the results from the cellulose+NIST-612 LA-ICP-MS analysis for 
the 
207
Pb/
206
Pb ratios. According to the Cramer-von Mises test, the data conform to normal 
distribution with 95% confidence level (see Table 9-6 in appendix 9.3.2 for results). Figure 
5-19 compares the calculated mean from Figure 5-18 with published GEOREM values. As it 
appears, the in-house data are systematically lower than the published GEOREM values 
(comparing the mean GEOREM value and the sample mean). Table 5-5 lists the results along 
with the mean, two-standard deviations and relative standard deviation of values published at 
GEOREM.  
 
 
Figure 5-18 A plot of the measured 
207
Pb/
206
Pb ratio 
of the cellulose+NIST-612 standard, showing the 
mean (0.9055) and the two-standard deviations 
(0.0034). 
 
Figure 5-19 Comparison of our in-house 
cellulose+NIST-612 measurements with published 
(GEOREM) values of NIST-612. See Table 5-5 for 
values. 
 
 n Mean 2SD RSD 
CELL+NIST-612 5 0.9055 0.0034 0.19% 
NIST-612 16 0.9077 0.0019 0.11% 
     Table 5-5 The mean value, two-standard deviations and the relative standard deviation of the  
cellulose+NIST-612 standard LA-ICP-MS analysis. 
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5.1.1.5 Precision and accuracy 
As reproducibility is considered to be random in nature, the distribution is described 
by normal distribution. Precision may be defined as a measure of the reproducibility of 
replicate analysis, and in terms of normal distribution, the standard deviation provides a 
measure of the precision (Taylor, 2001). A large standard deviation indicates low precision 
and poor reproducibility. Comparison between the five different standards can be done using 
their relative standard deviations (RSDs). The ERM-CD100 standard has the lowest RSD 
followed by the NIST-610, in-house wood, cellulose+NIST-612 and the cellulose+BCR-2 
standard (Table 5-6).  
 
Accuracy provides a measure of how close the measurements of the standards are to 
the “true” value. GEOREM provides a list of published measurements of various standards 
from different laboratories, which will be an estimate of the “true” value. All the standards 
(except ERM-CD100 for which Pb isotopic ratios were not available) were in agreement with 
reference values (see Table 5-6). Figure 5-20 demonstrates a plot of the relative standard 
deviation of means (RSDOM) from the measurements of the various standards. As with 
external precision, ERM-CD100 shows the overall highest internal precision, followed by the 
NIST-610-, in-house wood-, cellulose+NIST-612- and cellulose+BCR-2 standards. The 
relatively poor precision of the cellulose+NIST-610 and cellulose+BCR-2 may be a result of 
these standards being heterogeneous. The in-house wood standard which even has the lowest 
lead content of all the standards has pronounced lower RSDOM of the individual 
measurements than that for cellulose+NIST610 and cellulose+BCR-2.  
 
207
Pb/
206
Pb of the LA-ICP-MS 
analysis of the various standards 
Reference values 
 n Mean RSD 
207
Pb/
206
Pb  (Mean ± 
2SD)  
Pb (µg/g) 
(Mean ± 2SD) 
In-House wood 
standard 
14 0,8522 0,077% 0.8517 ± 0.0007 0,420 ± 0.08 
ERM-CD100 13 0,7962 0,011% NA 39 ± 8 
NIST-610 26 0,9095 0,019% 0.9097 ± 0.0004 417 ± 58 
CELL+BCR-2 5 0,8335 0,601% 0.8327 ± 0.0005 1,1 ± 0.4 
CELL+NIST-612 5 0,9055 0,190% 0.9077 ± 0.0019 4,1 ± 0.6 
        
Table 5-6 The mean and relative standard deviation of the 
207
Pb/
206
Pb ratio of the standards. The in-
house wood, ERM-CD100,  NIST-610, BCR-2 and NIST-612 reference values are from Novak et al. 
(2010) and certificate of ERM-CD100 for the first two, and GEOREM for the last three, respectively.  
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Figure 5-20 The relative standard deviation of the mean (RSDOM) of the 
207
Pb/
206
Pb ratio from the 
measurements of the various standards.  
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5.1.2 Analysis of elements 
 
5.1.2.1 Standards 
 
Determination of absolute concentrations by LA-ICP-MS requires an internal standard 
due to the complex interaction between the sample and laser (Dewaele et al., 2007), and 
because of the extensive variations in wood density (up to 85%) which affects the amount of 
material ablated and transported to the ICP-MS (Barrelet et al., 2006), the internal standard 
will account for the varying amount of ablated material (Dewaele et al., 2007). This standard 
should behave similarly during ablation of those elements whose concentration is sought 
(Jarvis and Williams, 1993) and should have similar properties such as mass, boiling point 
and ionization potential (Dewaele et al., 2007). However, for tree rings, the lack of 
appropriate matrix matched standards leads to problems in obtaining absolute element 
concentrations. Concerning the five standards prepared for this analysis, only the in-house 
wood- and the ERM-CD100 wood standard would be the most representative in terms of 
matrix. However, for the in-house wood standard the concentration of only one element (Pb) 
is known, and for the ERM-CD100 only certified concentrations of Ar, Cd, Cr, Cu, Hg and Pb 
exist. The heterogeneous nature of wood is also a problem in terms of reproducibility of 
analysis.  
Some researchers use 
12
C as an internal standard when assessing tree ring chemistry. 
Hoffmann et al. (1994), one of the pioneers, mixed cellulose powder with 5 mass % carbon 
powder, added multielement standard solution, and then pressed it into pellets. By using 
12
C 
as an internal standard they reached precision better than 10% RSD.  However, carbon 
content varies from the outer ring to the innermost ring of Norway spruces (Bertaud and 
Holmbom, 2004). Another problem is that the carbon content of the ERM-CD100 and the in-
house wood standard is unknown. As a result carbon content may differ between the two 
wood standards, between tree rings and between tree rings and the standards. This makes the 
use of 
12
C as an internal standard for LA-ICP-MS analysis of wood difficult. Therefore, only 
raw ratios without any corrections are presented in this study.  
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5.2 Result of the tree ring analysis 
5.2.1 Lead 
5.2.1.1 Isotopic ratios  
Figure 5-21 displays the yearly variations in the 
207
Pb/
206
Pb ratio from 1968 to 2010 of 
the respective trees. Also shown, are the bark ratios which may be a measure of present day 
ratios. This figure reveals no specific trend but rather small variations between years. From 
1968-1990 tree #2 demonstrates more pronounced year to year variation compared to tree #1. 
Tree #2 compared to tree #1 also have higher standard deviation of the means during this time 
interval. As shown in Figure 5-7 and Figure 5-8, tree #1 compared to tree #2 records 
systematically higher 
208
Pb signals during this time interval. Then, from 1990 to 2006, there 
appears to be a moreover steady increase in the 
207
Pb/
206
Pb of tree #2. The 
207
Pb/
206
Pb ratio of 
tree #1 however, shows more pronounced year-to-year variation and larger standard 
deviations during this time interval. Then, for both trees from 2006 we witness a decline 
towards the present (2010), with some intermediate peaks, followed by an increase when 
encountering the bark. It should be noted that the outermost tree rings (2005-2010) 
demonstrate relatively large standard deviation of the mean. As evident from Figure 5-7 and 
 
Figure 5-21 Yearly variation in the 
207
Pb/
206
Pb ratio of the individual trees. The orange-pink colored 
columns indicate years were there are significant differences in the lead isotopic ratio between the two 
trees.  
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Figure 5-8, the most recent tree rings have very low recorded 
208
Pb signal and for some the 
3SD of the 
208
Pb signal overlap with the LLD. This increases the uncertainty of the data.  
Figure 5-22 demonstrates the 
208
Pb/
206
Pb ratio of the two trees from 1968-2010. The 
ratios recorded in tree #1 show no pronounced variation, while those of tree #2 show some 
pronounced peaks and deviations from those of tree #1. For both trees, the most pronounced 
variation is in the most recent years, from 2006-2010.  
 The 
207
Pb
/204
Pb ratios of the two trees are plotted in Figure 5-23. Tree #1 and #2 
demonstrates pronounced different ratios from 1968 to 1989. The 
207
Pb
/204
Pb ratios of tree #2 
show considerable decreases during this time period, while those of tree #1 show relatively 
small variations compared to those of tree #2. The considerable decreases coincide with the 
relatively low recorded 
208
Pb signal for the same years (Figure 5-8). From the 1990s to 2010 
they show rather similar ratios. 
In each of these plots, some years are marked with an orange transparent colour. This 
serves to indicate years which show statistically significant difference (95% confidence level) 
between lead isotopic ratios, and were calculated using first the Snedecor F-test for difference 
between variances followed by the student t-test for difference between means (see appendix 
9.3.3 and 9.3.4 for test functions).  
 
 
Figure 5-22 Yearly variation in the 
208
Pb/
206
Pb ratio of the individual trees. The orange-pink colored 
columns indicate years were there are significant differences in the lead isotopic ratio. 
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The 
206
Pb/
207
Pb ratios recorded by tree #1 and #2 conform to normal distribution (Cramer-von 
Mises test for distribution normality) with 95% confidence level, and yield means of 
1.18±0.03 (1SD) and 1.17±0.03 (1SD), respectively.    
Figure 5-24 demonstrates a scatter plot of the 
206
Pb/
207
Pb ratio vs. the 
208
Pb/
207
Pb ratio for the 
 
Figure 5-23 Yearly variation in the 
207
Pb/
204
Pb ratio of the two trees. The orange-pink colored columns 
indicate years were there are significant differences in the lead isotope ratio.  
 
Figure 5-24  The measured 
206
Pb/
207
Pb and 
208
Pb/
207
Pb of the tree rings from the two studied trees. The 
measurement (year 2010) marked by a yellow circle are considered as an outlier when performing the 
linear regression for tree #1.  
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two trees. The isotopic composition of the annual rings of tree #2 shows more pronounced 
scatter than that of tree #1. Linear regression of the two series yields linear correlation factors 
of 0.7196 (when omitting the measurement marked with a yellow circle in Figure 5-24) and 
0.2124 for tree #1 and #2, respectively. When plotting the lead isotopic composition of the 
tree rings, and grouping them in groups of approx. 10 tree rings per group, all groups seem to 
overlap, not showing any trend towards lower or higher isotopic values (Figure 5-25 and 
Figure 5-26). The only trend may be the tendency of increasing data scatter and standard 
deviation of the means towards the present. For both trees, the group enclosing tree rings from 
year 2000 to 2010 shows the largest scatter and standard deviation of the means, covering the 
other groups and extending further in directions.  
 
 
 
 
 
Figure 5-25 The measured 
206
Pb/
207
Pb and 
208
Pb/
207
Pb in tree-rings from tree #1. They are organized in 
terms of years in four different groups, 2000-2010, 1990-2000, 1980-1990 and 1968-1980. 
1,00
1,05
1,10
1,15
1,20
1,25
1,30
1,35
1,40
1,45
1,50
1,55
1,60
2 2,05 2,1 2,15 2,2 2,25 2,3 2,35 2,4 2,45 2,5 2,55 2,6 2,65 2,7 2,75 2,8
2
0
6
P
b
/2
0
7
P
b
 
208Pb/207Pb 
Lead isotopes of Tree #1 
2000-2010
1990-2000
1980-1990
1968-1980
5.2 Result of the tree ring analysis CHAPTER 5. Results 
55 
 
 
Figure 5-26 The measured 
206
Pb/
207
Pb and 
208
Pb/
207
Pb in tree-rings from tree #2. They are organized in 
terms of years in four different groups, 2000-2010, 1990-2000, 1980-1990 and pith-1980. 
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5.2.1.2 Pb normalized to 12C 
The 
208
Pb/
12
C ratios recorded in the annual rings of tree #1 show a steady increase 
from 1968-1979, followed by a steady decline towards the present (Figure 5-27). For tree #2, 
the 
208
Pb/
12
C ratio shows an overall decline from 1968-1975, followed by an increase towards 
1976, then a decrease to 1982 followed by a steady increase to 1993, followed by a an overall 
decrease from 1993 to 2010 interrupted by some intermediate peaks. Also plotted in Figure 
5-27a is the lead concentration in precipitation recorded at two stations, Birkenes and Kårvatn 
(locations are shown in Figure 3-8).  
 
Figure 5-27 The raw signals (counts per second) of 
208
Pb normalized to the raw 
12
C signal (counts per 
second) of the corresponding tree rings. Lead concentration in precipitation is from two stations: Birkenes 
and Kårvatn (Schartau, 2011a). Background signals are subtracted. Data are not corrected for mass 
discrimination. 
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5.2.2 63Cu/12C and 66Zn/12C 
Figure 5-28 illustrates two plots: raw counts per second of 
63
Cu (a) and 
66
Zn (b) 
normalized to the raw counts per second of 
12
C. Tree #1 has two pronounced peaks, one in 
1974 and on for the bark. However, these peaks are caused by individual measurement, and 
 
a 
 
b 
Figure 5-28 The raw signals (counts per second) of 
63
Cu (a) and 
66
Zn
 
(b) are normalized to the raw 
12
C 
signal (counts per second) of the corresponding tree rings. Background signals are subtracted from the 
analyte signals. Data are not corrected for any mass discrimination. For b, the 
66
Zn/
12
C ratio of the bark 
was considerable higher than the annual rings and is not shown. This was done in order to show the 
annual variation better.  
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taken into account the relatively large uncertainty of these data (raw data without reliable 
internal standard), the significance of these two abnormal measurements should be carefully 
evaluated. From 1975-2010 tree #1 demonstrates no systematically trend, only small year to 
year variation. For tree #2, the recorded 
63
Cu/
12
C ratios demonstrate two pronounced peaks 
(1978 and 1987). After the last peak and from 1989 to present, tree #2 only shows small year 
to year variation. Both trees show a pronounced increase in the bark.  
For the 
66
Zn/
12
C ratios (Figure 5-28b), there is no clear distinction between the two 
trees, expect for some variations and a large increase when encountering the bark. However, 
from 1995-2003, tree #1 demonstrates relatively higher ratios. 
 Table 5-7 lists intra-tree correlation coefficients (see appendix 9.3.5 for test function) 
calculated between the various elements. Having 95% as minimum confidence limit 
(tα=1.683), for tree #1, the following show significant correlation (one-tail hypothesis): 
63
Cu/
12
C and 
66
Zn/
12
C, 
66
Zn/
12
C and 
44
Ca/
24
Mg and 
208
Pb/
12
C and 
44
Ca/
24
Mg. For tree #2, 
significant correlations were only obtained between 
63
Cu/
12
C and 
44
Ca/
24
Mg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Cu-Zn Cu-Pb Cu-Ca/Mg Zn-Pb Zn-Ca/Mg Pb-Ca/Mg 
Tree #1 Correlation 
coefficient 
0.4887 0.1795 0.1849 -0.2248 -0.3778 0.6416 
t-value 3.5863 1.1681 1.2050 1.4770 2.6130 5.3561 
Tree #2 Correlation 
coefficient 
0.1143 0.0336 0.3980 -0.1128 -0.1423 0.1857 
t-value 0.7368 0.2155 2.7779 0.7266 0.9208 1.2101 
        Table 5-7 Intra-tree correlations between elements (all normalized to carbon). Correlations were done for 
tree rings formed from 1968-2010 (except 1999) and bark. Degrees of freedom=n-2=43-2=41.  
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5.2.3 The 44Ca/24Mg ratio 
Figure 5-29 shows 
44
Ca normalized to 
24
Mg. From 1968 to the present, both trees 
demonstrate a steadily declining 
44
Ca/
24
Mg ratio. Linear regressions of tree #1 and #2 yield 
correlation factors of 0.6406 and 0.4165, respectively. Also plotted in this diagram is the pH 
values of precipitation measured at Haukeland weather-station.  
 
Figure 5-29 Raw signals (counts per second) of 
44
C are normalized to the raw 
24
Mg signal (counts per 
second) of the corresponding tree rings. The pH of annual precipitation from 1982-2010 was measured at 
Haukeland (for location see Figure 3-8). Background signals are subtracted from the analyte signals. Data 
are not corrected for any mass discrimination. 
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5.2.4 Inter-tree correlations  
Correlation coefficients between the two trees for the various lead isotopic ratios are 
listed in Table 5-8. All ratios show positive correlation except the 
208
Pb/
207
Pb ratio and all 
ratios show significant correlation with minimum 95% confidence level (Table 5-8).   
Table 5-9 lists the inter tree correlation coefficients of tree #1 and #2 obtained for 
208
Pb/
12
C, 
66
Zn/
12
C, 
63
Cu/
12
C, and 
44
Ca/
24
Mg. High t-values were obtained for the 
66
Zn/
12
C and the 
44
Ca/
24
Mg ratios.  
 
 
 
 
 
 
 
 
 
 
 
 
 Correlation between tree #1 and #2 Confidence level 
Coefficient t-value 
207
Pb/
206
Pb 0.5232 3.9308 99.98% 
208
Pb/
206
Pb 0.4483 3.2110 99.75% 
208
Pb/
207
Pb -0.2927 1.9603 95% 
207
Pb/
204
Pb 0.5370 4.0764 99.98% 
    Table 5-8 The correlation coefficients of various lead isotope ratios between tree #1 and #2, for the time 
period 1969-2010 (except year 1998), with DF=n-2=43-2=41. The significance of correlation is evaluated 
by testing a one-tail hypothesis.  
 
 Correlations coefficient t-value 
208
Pb/
12
C 0.0668 0.4284 
66
Zn/
12
C 0.9265 15.77 
63
Cu/
12
C 0.0877 0.5637 
44
Ca/
24
Mg 0.6127 4.9456 
   Table 5-9 Inter tree correlation coefficients of tree #1 and #2. DF=n-2=43-2=41. The significance of 
correlation is evaluated by testing a one-tail hypothesis.  
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6 Discussion 
6.1 Intra tree and inter tree variations 
The two studied trees demonstrate no systematically trend in the lead isotopic ratio from 
the innermost to the outermost tree ring and bark (Figure 5-21 and Figure 5-22). The bark 
value may be representative of recent or present air lead isotopic composition, but should be 
carefully interpreted due to its different anatomy and Pb uptake mechanism than the tree 
rings. Lead accumulation in bark is characterized by direct deposition from the atmosphere, 
while that of the tree rings are mostly characterized by uptake through the root system (see 
section 3.3.4). The two studied trees show relatively similar yearly increases and decreases of 
the annual recorded Pb isotopic ratios. This is evident by the significant correlation 
coefficients listed in Table 5-8. The correlation coefficients show values between -0.29 
(
208
Pb/
206
Pb) and 0.54 (
207
Pb/
204
Pb), which suggest that the yearly increases and decreases are 
not exactly the same. In terms of absolute isotope ratios, the two trees record significantly 
different isotope ratios in some of the annual tree rings (these years are indicated by orange 
colour in Figure 5-21 and Figure 5-22). This may shed light on whether the lead content in the 
two trees dates back to the same pollution sources or natural variations. The annually recorded 
207
Pb/
204
Pb ratio of the two trees show relatively similar trends (0.54 in correlation 
coefficient), but in terms of absolute ratios they differ considerably between 1968 and 1989 
(Figure 5-23). Tree #1 demonstrates a relatively stable 
207
Pb/
204
Pb ratio, while tree #1 shows 
two considerable decreases and increases. Since 
204
Pb lead is the least natural occurring Pb 
isotope, only accounting for 1% of the naturally occurring Pb, and since there is no 
pronounced observed change in the 
207
Pb/
206
Pb ratio, there is reason to question the reliability 
of the relatively low observed 
207
Pb/
204
Pb ratio. It is also worth mentioning the relatively low 
208
Pb signal recorded during the same time period. A possible explanation could be Hg 
interferences on 
204
Pb, which will create the relatively low observed 
207
Pb/
204
Pb ratio. Annual 
rings of tree #1 and #2 formed after 1989 show rather similar ratios, before a steep decline is 
witnessed for both trees from 2005 to the present.  
Since no absolute concentrations were obtained, the annual variation in 
208
Pb/
12
C may 
be a weak measure of the annual variation in Pb concentration. For the recorded variation in 
208
Pb/
12
C, tree #1 shows increasing 
208
Pb/
12
C from 1968 to 1979 followed by a steady decline 
towards the outermost tree ring formed in 2010 (Figure 5-27). Therefore, in terms of 
concentration, Pb reaches a peak value in 1979. To what degree the observed trend is natural 
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or a consequence of increasing amount of bioavailable lead is difficult to assess. The recorded 
208
Pb/
12
C ratio of tree #2 from 1968-1992 is consistently lower than that of tree #1, but shows 
some intermediate peaks. These intermediate peaks are consistent with the temporal peaks of 
the 
207
Pb
204
Pb ratio (Figure 5-23). The low correlation coefficient obtained between the 
recorded 
208
Pb/
12
C of tree #1 and #2 of 0.0877 and the consistently lower 
208
Pb/
12
C ratio of 
tree #2 from 1968-1992, suggests different amounts of Pb available for root uptake 
throughout this period. The annual variations in the 
63
Cu/
12
C, 
66
Zn/
12
C ratio, 
208
Pb/
12
C and 
44
Ca/
12
C were compared to check whether intra tree annual variations in the different 
elemental ratios are similar. Relatively low correlation coefficients were obtained for both 
trees, but tree #2 showed even smaller correlation coefficient than tree #1 (Table 5-7). Tree #1 
showed a relative high correlation coefficient for the 
44
Ca/
24
Mg ratio. The intra ring 
correlations of the 
208
Pb/
12
C with the 
63
Cu/
12
C and 
66
Zn/
12
C ratios were calculated to 
investigate if Pb, Zn and Cu show a similar accumulation trend. 
The 
63
Cu/
12
C ratio of tree #1 and #2 (Figure 5-28a) do not demonstrates any overall 
trend from the innermost to the outermost tree ring. Tree #1 only shows peaks (one in 1974 
and one for the bark) characterized by individual measurements which is highly questionable. 
Tree #2 shows two pronounced peaks which was not observed for tree #1. These two peaks 
demonstrate relatively equal intensities and duration.  The inter tree correlation of the annual 
variation of the 
63
Cu/
12
C ratio (Figure 5-28a) yielded a very low positive correlation 
coefficient (Table 5-9). This means that the annual uptake and deposition of Cu within the 
tree rings are considerably different at the two sites. According to Steinnes (2001) Cu 
originates from local point sources within Norway compared to the long range transportation 
and Pb and Zn.  
For the two trees no specific overall trend from the inner to the outermost annual ring 
towards higher or lower 
66
Zn/
12
C values were observed. Inter tree correlation of the annual 
66
Zn/
12
C ratio yielded a very high correlation coefficient of 0.93, the highest obtained for the 
inter trees correlations. This significant correlation indicates similar variations in root uptake, 
and similar deposition patterns within the boles.  
However, causes of annual variation when no pronounced trend is observed are hard to 
assess. Natural trends of individual elements may exist, i.e. one element may increase from 
the outer ring toward the pith, while another may show the opposite, some may increase and 
peak at the heartwood/sapwood boundary and vice versa, and some may not show any trends 
at all (Chun and Huang, 1992, Okada et al., 1993). As mentioned in chapter 3.3.3, Longuetaud 
et al. (2006) calculated a heartwood initiation age of 17 years when investigating 4 Norway 
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spruce (Picea abies) stands, and Zimmermann et al. (1971) noted that irreversible embolism 
in all tracheids of an annual ring had occurred when reached the age of 40 years. Hagemeyer 
and Schafer (1995) measured highest Zn concentration in the cambial zone and stem center of 
beech trees, while that of lead showed low concentration in the cambial zone and highest just 
inside the sapwood-heatwood transition.  
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6.2 Relationship with data recorded by weather-stations 
 
6.2.1 Annual precipitation registered at Ytre-Solund weather station 
Annual amount precipitation from 1968-2010 registered at Ytre-Solund weather 
station (for location see Figure 3-1) are correlated with the recorded Pb isotopic ratios and the 
63
Cu/
12
C, 
66
Zn/
12
C and 
44
Ca/
24
Mg ratios of the annually tree rings. This may be indicative of 
the influence of rainfall on the deposition and uptake of the various elements. Water content 
in soils affect the nutrient solubility (Pantera et al., 2007), and the changes in the annual 
precipitation may be a measure of this. The results from this correlation are listed in Table 
6-1. Having a minimum confidence limit of 90% (tα=1.3031), only the 
207
Pb/
206
Pb recorded by 
tree #2, the 
63
Cu/
12
C recorded by both trees and the 
44
Ca/
24
Mg ratio recorded by tree #2 were 
significant (see appendix 9.3.5 for test function).  
The correlation coefficients of 
63
Cu/
12
C recorded by the trees were opposite to each 
other: negative correlation for tree #2 and positive for tree #1.  For the 
44
Ca/
24
Mg ratio only 
tree #2 reveals significant correlation. The significant correlations may provide some 
explanation of the variation observed.  
 
 
 
 
 
 
 Tree #1 Tree #2 
 CC t-value CC t-value 
207
Pb/
206
Pb 0.0807 0.5119 0.2363 1.5378 
208
Pb/
206
Pb 0.1990 1.2846 0.0205 0.1298 
207
Pb/
204
Pb 0.1240 0.7906 0.0447 0.2832 
208
Pb/
12
C 0.0511 0.3237 -0.0340 0.2150 
63
Cu/
12
C 0.4368 3.0710 -0.2504 1.6359 
66
Zn/
12
C -0.1510 1.0249 -0.0543 0.3439 
44
Ca/
24
Mg 0.11057 0.7036 0.2605 1.7069 
     Table 6-1 Correlation coefficients (CC) between element and element ratios recorded in the two trees and 
the registered precipitation at Ytre-Solund weather station from 1968-2010. Degrees of freedom=n-2=42-
2=40.  
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6.2.2 The pH of precipitation at Haukeland 
The annual pH of precipitation collected at Haukeland from 1982-2010 (for location 
see Figure 3-8) are correlated with the 
208
Pb/
12
C, 
63
Cu/
12
C, 
66
Zn/
12
C and 
44
Ca/
24
Mg ratios of 
the annual formed tree rings between 1982 and 2010. The results from these correlations are 
listed in Table 6-2.  
Having a minimum confidence limit of 90% (tα=1.3149), most of the element ratios 
demonstrate significant correlations with the pH of precipitation, with the highest coefficient 
recorded for the 
208
Pb/
12
C ratio (Table 6-2). Inter tree differences in correlation coefficients 
are also evident here. For example, the recorded 
208
Pb/
12
C ratios of tree #1 compared to tree 
#2, demonstrate a relatively high correlation of -0.7985 compared to -0.1822 obtained for tree 
#2.  
A study performed by Sauve et al. (2000) collected data from various papers and 
computed the reported metal partitioning coefficients in soils of Cu, Pb and Zn as a function 
of soil solution pH. Linear correlation factors of 0.288, 0.473 and 0.557 were achieved, 
respectively, but it was found that pH only accounted for 30-60% of the total variation in 
partitioning coefficients of the different metals. The significant correlations obtained in Table 
6-2 indicate a relationship between the pH of precipitation from 1982-2010 and the 
incorporated elements in the tree rings.  
The trends towards lower 
44
Ca/
24
Mg ratios registered for the two trees (Figure 5-29), 
and the significant negative correlations (Table 6-2) with the pH of precipitation indicates a 
significant relationship between the 
44
Ca/
24
Mg ratio recorded by the two trees and the pH of 
precipitation at Haukeland. This relationship is also evident from published literature. For 
example, Chen et al. (2010) used xylem Ca/Mg of Abies fabri to reconstruct the historical 
changes of soil pH in Emei Mountain, and found significant correlation between recent xylem 
Ca/Mg and the measured soil pH (correlation coefficient of -0.84). Therefore, the plot in 
Figure 5-29 suggests that the increasing pH of precipitation correlates with the corresponding 
 Tree #1 Tree #2 
 CC t-value CC t-value 
208
Pb/
12
C -0.7985 6.7627 -0.1822 0.9448 
63
Cu/
12
C -0.1610 0.8316 -0.6189 4.0178 
66
Zn/
12
C 0.4113 2.3009 -0.5989 3.8135 
44
Ca/
24
Mg -0.5182 3.0892 -0.4110 2.2990 
 Table 6-2 Correlation coefficients (CC) between element ratios recorded in the two trees and the registered 
pH of precipitation at Haukeland. Degrees of freedom=n-2=28-2=40. The correlation coefficients were 
obtained for the time period 1982-2010.  
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soil pH which further affects and controls the root uptake ratio of Ca/Mg. The significant inter 
tree correlation of the 
44
Ca/
24
Mg ratio (see Table 5-9) suggests that the two trees show the 
same trend from 1968 to the present. However, the 
44
Ca/
24
Mg ratios of tree #2 are consistently 
higher than that of tree #1. These inter site differences are hard to address, because the 
chemistry of the local soils are not known. The two trees do however show the same trend 
with a correlation coefficient of 0.6127 (see Table 5-9). Therefore, it seems likely that the two 
trees record past environmental changes in terms of soil acidity.   
6.2.3 Wind directions 
As evident from the wind-roses in Figure 3-1 south to south-eastern winds, followed 
by north and western winds are the dominating wind directions throughout the lifespan 
covered by the two trees. The north-northwest location of tree #1 and the relatively shorter 
distance from the refinery – 10.1 km vs. 17.8 km for tree #1- suggests that tree #1 should 
contain the highest amount of potential pollutants. For lead, this is clearly the case between 
1970 and 1991, where tree #1 demonstrates considerably higher 
208
Pb/
12
C (Figure 5-27). For 
the other elements, only 
63
Cu/
12
C show considerable different evolution from 1968-2010.   
6.2.4 Composition of precipitation  
Only Pb and Zn concentration of precipitation were available. Data obtained from 
Kårvatn and Birkenes stations (for location see Figure 3-8) were correlated with the 
208
Pb/
12
C 
and 
66
Zn/
12
C ratios of the annual tree rings.  
Correlation of the recorded 
208
Pb/
12
C ratio of tree #1 with the concentration recorded at 
the two stations was significant (see Table 6-3). For tree #2, correlation coefficients were 
rather small and yielded a t-value of 0.1380. As Figure 5-27 shows, continuous lead 
precipitation data only exist from 1980 to 2010 for the Birkenes station, and for the Kårvatn 
station, from 1979-2010. For this reason, it is not possible to check whether the peak recorded 
by tree #1 coincide with the peak concentration in precipitation. However, according to 
measurements made in 1976 and 1978 at Birkenes, the peak concentration in tree #1 could be 
delayed relative to the precipitation. This may indicate a time lag between lead deposition and 
the following uptake. The problem of time lag is also addressed by Momoshima and Bondietti 
(1990) and Savard et al. (2006). Momoshima and Bondietti (1990) attributed the registered 
time lag to slow movement of metals in soil, followed by slow movement up the tree bole. 
This was also discussed in Hagemeyer (1993), where it was attributed to metal adsorption on 
inorganic and organic matter. Savard et al. (2006) combined measurements of both natural 
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and anthropogenic geochemical tracers in tree-rings of spruce trees (Picea mariana), and 
found that abrupt changes in the      ratio marked the onset of smelter operations in 1928 in 
Rouyn-Noranda, Canada. However, delays of 8 to 20 years were registered for the Ca, Cd, 
and Pb concentrations as well as for 
206
Pb/
207
Pb and 
208
Pb/
206
Pb ratios. This clearly 
demonstrates the different uptake mechanism: the carbon being taken up during 
photosynthesis while the macro- and micro nutrients and heavy metals being taken up by the 
roots. In contrast, carbon is incorporated by photosynthesis in the leaves and therefore records 
changes in the atmosphere much faster than elements typically incorporated by roots. 
For the 
63
Zn/
12
C ratio, the correlation coefficients were relatively small except for the 
63
Zn/
12
C ratios (see Table 6-3) between tree #2 and the Zn data from Birkenes station. 
However, the Birkenes station is located in the southern part of Norway (Figure 3-8) and may 
not be representative of Zn in precipitation at Mongstad.  
 
  Tree #1 Tree #2 
  CC t-value CC t-value 
Kårvatn 
208
Pb/
12
C - Pb 0.8344 8.1859 -0.0261 0.1380 
66
Zn/
12
C - Zn -0.1335 0.7255 0.2644 1.4764 
Birkenes 
208
Pb/
12
C - Pb 0.8398 8.1859 -0.0814 0.4398 
66
Zn/
12
C – Zn -0.2172 1.1776 0.5327 3.3005 
 Table 6-3 Correlation with measured Pb and Zn concentration in precipitation at Kårvatn station and 
Birkenes station. Kårvatn and Birkenes stations had concentration measurements from 1979 and 1980, 
respectively. Kårvatn: DF= n-2=31-2=29. Birkenes: Degrees of freedom=30-2=28.  
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6.3 Comparison with other environmental archives  
6.3.1 Environmental archives in the UK 
Figure 6-1 provides four diagrams 
showing the 
206
Pb/
207
Pb evolution since 
the 1880s as recorded by peat cores, 
sediment cores and moss samples in 
Scotland (see figure text for more 
information). Comparing the Scottish 
lead evolution with that recorded by the 
trees in Hordaland, Norway (Figure 
5-21), suggests quite different evolutions. 
However, it should be noted that Figure 
5-21 shows the 
207
Pb/
206
Pb ratios which is 
the inverse of the 
206
Pb/
207
Pb ratio plotted 
in Figure 6-1.  All the diagrams 
demonstrate a systematically declining 
206
Pb/
207
Pb ratio from the 1930s to 
approx. 1960 and 1970. The 
206
Pb/
207
Pb 
ratios recorded by the Scottish Shagnum 
moss samples (lowest diagram in Figure 
6-1), show a steady increase in the 
206
Pb/
207
Pb ratio from between 1980 and 
1990 to the present (2000). This is also 
the case for the uppermost diagram, 
which demonstrates an increase from the 
mid 1990s to the present. The decline from the 1930s is attributed to the use of leaded 
gasoline and the following increase corresponds to the phasing out of leaded gasoline (Farmer 
et al., 2005). Farmer et al. (2000) collected and measured the 
206
Pb/
207
Pb ratio of petrol used 
in Edinburgh from 1989-1998, and calculated a mean of 1.076 ± 0.0011 (1SD).  
The evolution of the 
206
Pb/
207
Pb ratio for the period 1985-2000 of the Scottish mosses 
(Figure 6-1) is not observed for the 
207
Pb/
206
Pb ratio of the two trees in Figure 5-21, which 
demonstrate a relatively flat evolution with some year to year fluctuations. For the 
206
Pb/
207
Pb 
ratios recorded in peat in Thorter, Glensaugh, a pronounced increase from 1995 to 2000 is 
 
 Figure 6-1 
206
Pb/
207
Pb from Pb in peat at 
Thorter, Glensaugh (Farmer et al., 2005), 
Flanders moss peat cores (Farmer et al., 1997), 
anthropogenic Pb of a sediment core located in 
the southern basin of Loch Lomond (Farmer et 
al., 1996, Eades et al., 2002) and Pb in Scottish 
Shapgnum moss samples (Farmer et al., 2002). 
All diagrams from Farmer et al. (2005). 
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observed. Tree #1 and #2 demonstrate 
206
Pb/
207
Pb ratios ranging between 1.13 (2006) and 
1.32 (2010), and 1.12 (1988) and 1.29 (2010), respectively. Even though the highest recorded 
lead isotopic ratio was found for the outermost tree ring, corresponding to year 2010, there is 
no overall trend from the tree rings formed in 1968 towards the outermost tree rings. 
However, from 2005 to 2010 an overall increase in the 
206
Pb/
207
Pb ratio can be documented. 
These measurements show relatively large standard deviation of the mean, and are therefore 
quite uncertain.  
  In the end it we can conclude that the trees do not show the same trend as observed for 
peat cores, sediment cores and moss samples from the UK.  
6.3.2 Lead in Norwegian peat bogs and mosses 
For location of the peat bogs and mosses 
used for the following discussion see 
Figure 6-2. Data from Figure 5-24 are re-
plotted in Figure 6-3 together with 
Norwegian peat bog data, moss data and 
ice-core data from Greenland. The 
relative large scatter in tree ring data 
compared to the Norwegian moss data 
(Steinnes et al., 2005) and peat bog data 
(Dunlap et al., 1999) is noticeable. The 
mosses were collected in 1977, 1985, 
1990, 1995, and 2000. When comparing 
these values with other published results, 
it should be noted, as mentioned by 
Steinnes et al. (2005), that these values 
represent the lead incorporated during the 
period of growth during the three 
preceding years. Therefore, Steinnes et al. 
(2005), suggest that the years 1975, 1983, 1988, 1993 and 1998, rather be used when 
comparison are to be made. The peat bog data show Pb isotopes recorded from <1691-1991 
AD. Linear regression of the moss- and peat bog data yield a linear correlation factor of 0.98. 
In comparison, a linear correlation factor of 0.385 was achieved for the two trees (Figure 6-3).  
 
Figure 6-2 Map of Norway showing samples of peat 
bogs (red) and mosses (blacks). Only moss data from 
locality 11, 12, 13, 14 were compiled and plotted in 
Figure 6-3. Map from  Steinnes et al. (2005). 
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However, when discarding the most recently formed tree rings (2000-2010), a linear 
correlation factor of 0.5783 was obtained. Even better linear correlation factor (0.7196) was 
achieved when only using data from tree #1, which is closer to that of the peat bogs and 
mosses. Most of the recorded lead isotopic ratios of both trees plot towards higher ratios than 
mosses which represent approximately the same time period (1975-2000) as well as 
geographically area of interest (see location in Figure 6-2). Most of the recorded Pb isotopic 
data in rings of tree #1 overlap with data recorded by peat bogs. The lead isotopes recorded by 
tree #2 show a much larger scatter and are hard to confine within a certain area. Also, both the 
peat bogs and mosses demonstrate evolution trends during their respective time intervals. The 
peat bog data show a general decline in lead isotopic ratios towards the most recent time 
(1961-1991). However, as pointed out by Dunlap et al. (1999), overlap between the two 
groups older than 1950 occur, but do not occur between the youngest age groups (1921 to  
 
Figure 6-3 Lead isotopic composition of mosses (orange in color) and peat bogs (black in color) of Norway. 
The moss data correspond to 5 locations in the south-western part of Norway marked as number 10, 11, 
12, 13 and 14 in Figure 6-2, and are grouped together in years: 2000, 1995, 1990, 1985 and 1977.  Data 
from the Greenlandic ice core (green filled circle) is from Rosman et al. (1997) and demonstrates lead 
isotopic ratios from 7313 BC to 1523 AD. Peat bog data correspond to 4 locations marked in red as 
number 2, 3, 4 and 7 in Figure 6-2, and represent Pb recorded from <1691-1991 AD. Moss data from 
Steinnes et al. (2005) and peat bog data from Dunlap et al. (1999).  For a closer look at the peat bog data 
and mosses data see Figure 6-4.  
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1951, and 1961 to 1991). Generally, the 
206
Pb/
207
Pb and 
208
Pb/
207
Pb ratios of the mosses 
appear to decrease from 1977 to 1985 followed by a steady increase towards year 2000, 
exceeding 1977 ratios (1977 ratios overlap with 1995 values). This is in consistency with the 
general trend observed elsewhere in the country, but the southwestern coast of Norway 
demonstrates consistently lower 
206
Pb/
207
Pb ratios through time (Steinnes et al., 2005).  This 
trend is absent for the two trees, and is evident in Figure 5-25 and Figure 5-26 where all age 
groups overlap. Based on the UK airborne lead and the predominantly south-south westerly 
winds, Steinnes et al. (2005) conclude that the moss data follow the UK trend quite closely. 
Also shown in Figure 6-3 are lead isotopes in a Greenlandic ice-core (7313 BC to 1523 AD). 
Dunlap et al. (1999) attribute the Pb isotopic ratios recorded from 7313 to 366 BC by the ice 
core, as representing Holocene background values. The lead isotopic composition of the tree 
rings also overlap data recorded by the ice-core. This highlights the large variation in lead 
isotopic ratios recorded by the tree rings, and may suggest that the tree rings record normal 
background values. Considering lead concentrations, the decline registered from 1979 in tree 
#1 (Figure 5-27) corresponds to the decrease in lead concentration in mosses for the same area 
(Figure 6-5). This declining lead concentration is also registered by the peat bog in Figure 6-6. 
However, tree #2 does not follow this trend.  
 
Figure 6-4 Moss and peat bog data from Steinnes et al. (2005) and Dunlap et al. (1999), respectively. The 
red circle serves to indicate data corresponding to the time interval covered by the two trees collected for 
this study.  
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The paper by Bindler et al. (2004) compared      /       ratios measured in Scots pine 
(Pinus Sylvestris L.) and Norway spruce (Picea abies), with their respective soils ratios, and 
with existing measurements derived from peat bogs and lake sediments. This revealed poor 
agreement with peat bogs and lake sediments; peat-bogs and lake sediment were showing a 
changing      /       ratio through time, while the tree rings do not show such trend. The 
measured signal at each site was in between that of the humus layer (approx. 1.15) layer and 
the C-horizon (1.37 – 1.63). Bindler et al. (2004) conclude that the record of lead isotopes in 
tree rings is a mixture of natural geogenic lead derived from the mineral horizon, and 
anthropogenic lead derived either directly from the atmosphere or the organic layer by root 
uptake. 
 
Figure 6-5 These five different figures show lead concentrations in moss 
samples measured in 1977, 1985, 1990, 1995, and 2005, respectively. 
Clearly, these five different years, reveal a decrease in lead concentration 
from 1977 to 2005. From Steinnes et al. (2011). 
 
Figure 6-6 Peat bog #4 lead 
data. For location see Figure 
6-2.  From Dunlap et al. 
(1999). 
6.3 Comparison with other environmental archives CHAPTER 6. Discussion 
73 
 
6.3.3 Aerosols 
Lead isotopic ratios of tree rings formed from 1990-2000 are plotted together with 
worldwide measured aerosols between 1994 and 1999 (Bollhofer and Rosman, 2001a) in 
Figure 6-7. Some tree ring values do overlap the western and European aerosols, but this is 
also the case for aerosols collected in North America, Asia and North Africa/Near East 
aerosols. The trend of the tree ring data recorded from 1990-2000 deviates from that of the 
western and European aerosols. However, considering trends, the tree ring record is more 
closely related to the western European trend than for example the North American trend. 
Tree ring values plot towards higher 
206
Pb/
207
Pb and 
208
Pb/
207
Pb ratios than those of the 
western and eastern European trend. On the contrary, the lead isotopes of mosses collected at 
the southwestern coast of Norway representing the same time period (1990, 1995 and 2000) 
overlap with these data and show linear correlation factors of 0.9522 and 0.9363 for the 
western and eastern European aerosols, respectively. This may suggest that the mosses are 
more influenced by the European atmospheric lead composition, or that they better record 
variation in the atmospheric lead composition. Another factor may be that the trees are located 
closer to Mongstad refinery.  
 
 
 
Figure 6-7 Lead isotope ratios for tree rings (both trees) formed from 1990-2000, plotted together with the 
lead isotope composition (mean ± 2SD) of aerosol collected from various sites in the northern hemisphere 
between 1994 and 1999. Aerosol data are from Bollhofer and Rosman (2001a).  
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6.4 Pollutants and emission rates 
6.4.1 Pb isotopic composition of coal, lead ores and gasoline 
Figure 6-8 demonstrates the lead isotopic composition of tree rings formed from 1968-2000 in 
relation to the published lead isotopic values of coals and ores used for lead extraction, and 
petrol in various countries. The tree ring values overlap with the UK coal and the continental 
European coal of Germany and Poland. The lead isotopic signatures of the UK coal are 
plotted for the following countries: England and Wales, Scotland and Ireland. Data were 
obtained from more than 60 coal samples, mostly from the principal coalfields of the 
respective countries (Farmer et al., 1999). Farmer et al. (1999) concluded that despite the 
dramatic decrease in coal-combustion emissions after the mid 1950s, emissions from coal 
 
Figure 6-8 Plot of tree rings formed from 1968-2000 along with coal isotope composition of UK coal, 
European Coal (Poland and Germany) and Russian coal (Farmer et al., 1999). Also shown is the lead 
isotope composition of gasoline (defined by the blue ellipse ) from Sweden (1988), Poland (1988), Vienna 
(1990), Hungary (1990) and Holland (1990), from Hopper et al. (1991). The green ellipse encompasses the 
lead composition of major ore-deposits from Germany/Austria, Italy, Greece, Spain, Eastern Europe, 
Poland, North Africa and USSR (Hopper et al., 1991). US Tri-State mine and the Broken Hill mine 
located in Australia are also plotted (Cumming and Richards, 1975, Sturges and Barrie, 1987).  
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combustion still have an impact at a time when the uses of unleaded petrol is prevalent and 
continues to increase. Most of the tree rings from tree #1 that formed between 1968 and 2000 
plot in the area defined by the UK and continental European coal. The large scattered data 
from tree rings of tree #2 do not plot in any specific area.  
 Pb used for antiknock in western European gasoline is characterized by a low 
206
Pb/
207
Pb ratio of approx. 1.03-1.04 (the composition of Pb in Broken Hill mine), while the 
central and eastern European gasoline show a slightly higher ratio of approx. 1.11-1.13 
(Weiss et al., 1999). The Pb isotopic signature of the UK gasoline is defined by the Pb 
composition of Broken Hill mine (Farmer et al., 1999) , and Norway gasoline demonstrate a 
206
Pb/
207
Pb ratio between 1.07-1.10 (Aberg et al., 2004). Proposing that emissions originating 
from Eastern Europe compared to the UK may have a small effect on Pb concentration and 
composition in the western parts of Norway, we would expect lower recorded 
206
Pb/
207
Pb 
ratio if vehicle emissions in the UK were the dominating source of pollution. Tree #1 and #2 
 
Figure 6-9 Data compiled by Komarek et al. (2008) plotted with the calculated means of tree #1 (black 
stippled line) and #2 (black solid line). The grey area encompasses the two standard deviations of the 
calculated means of tree #1 and #2. For convenience, the references for the individual data points are not 
included. These can be found in table #2 in the paper by Komarek et al. (2008). Data from Komarek et al. 
(2008) are plotted with 1 standard deviation if available. The squares indicate data compiled for Europe. 
Data outside the squares include data from Israel, North America, Russia, Asia, and Australia. The 
European data for gasoline contain data from the UK, France, Switzerland and the Chech Republic.  For 
coal, European data are represented by the UK (England, Wales and Scotland), Ireland, Spain, Poland, 
Germany, Switzerland, Belgium and the Chech Republic. For metallurgy/smelters, France, Switzerland 
and the Chech Republic represent the European data. Finally, for the municipal solid waste incinerators, 
Switzerland and France represent the European data.  
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record 
206
Pb/
207
Pb ratios ranging between 1.13 (2006) and 1.32 (2010) 1.12 (1988) and 1.2850 
(2010), respectively. If vehicle emissions were the dominating source of Pb incorporated by 
the two trees, they would have recorded lower 
206
Pb/
207
Pb ratios, since both western European 
and Norwegian gasoline are characterized by low 
206
Pb/
207
Pb ratios. The fact that tree #1 is 
located along “Fylkesvei 4” and tree #2 along “Fylkesvei 570”,  should result in higher lead 
content in tree #2 compared to tree #1 if local vehicle lead emissions were the main lead 
contributor to the environment. This is, however, not the case, which suggests that the lead 
content and composition may originate from other lead sources. Also, the 
206
Pb/
207
Pb ratio 
recorded by the tree rings should be lower considering a Norwegian gasoline 
206
Pb/
207
Pb ratio 
in between 1.07-1.10. 
 In Figure 6-9, the calculated 
206
Pb/
207
Pb mean ratios recorded for tree #1 and 
#2 are plotted together with the 
206
Pb/
207
Pb ratios of various sources compiled by Komarek et 
al. (2008).  The lead isotopic composition of European coals plot quite close to the mean 
values of tree #1 (1.18±0.03 (1SD)) and #2 (1.17±0.03 (1SD)) compared to the other sources. 
For gasoline, the two highest recorded 
206
Pb/
207
Pb ratios were for Mexico and the US 
(highest). The 
206
Pb/
207
Pb ratios of European gasoline show relatively lower values than the 
trees. The contribution to the atmospheric lead from the other two sources, 
metallurgy/smelters and municipal solid waste incinerators, may be overshadowed by lead 
originating from gasoline and coal. This might suggest that Pb emissions as a result of coal 
burning may be a possible explanation for the subsequent Pb composition of the trees. 
However, after the 1950s, the UK coal consumption decreased considerable (Farmer et al., 
1999). Another factor is that the European lead emission increased from 1955 to 1975 (Figure 
6-10), followed by declining trend towards year 2000 (Pacyna and Pacyna, 2000) . During this 
 
 
Figure 6-10 European lead emission to the atmosphere as prepared by Pacyna et al. 
(2007) on the basis of emission factors and data regarding production and 
consumption of industrial goods and of raw materials, respectively.  
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time, vehicle emissions have been the most important source of atmospheric lead (49.5-
76.1%), followed by the non-ferrous metal manufacturing and the iron and steel production 
(Pacyna and Pacyna, 2000). The Pb emission from the iron and steel production may 
represent the composition of coal due to the use of coal and coke as fuels. Therefore, industry 
using coal may have been a contributor to the observed Pb composition of the tree rings. 
von Storch et al. (2003) reconstructed 
lead pollution in Europe since 1958 
with the help of a regional climate 
model, NCEP re-analysis. Simulation 
of total annual lead deposition to the 
North Sea revealed an extended peak 
covering the 1965-1975 period 
followed by a steady decrease towards 
1995. von Storch et al. (2003) 
correlates this with UK lead emissions 
and states that UK is the main 
contributor of lead to the North Sea. This peak value is also consistent with the peak estimated 
for European lead emission by Pacyna et al. (2007). When comparing the estimated European 
emissions from Pacyna et al. (2007) and the simulated lead deposition over the North Sea 
(von Storch et al., 2003) with the registered 
208
Pb/
12
C of tree #1 (Figure 5-27), they show 
similar evolution. The peak value of 
208
Pb/
12
C of tree #1 is,however, recorded some time later 
than that of Figure 6-10 and Figure 6-11. A possible delay in relation to Pb content in 
precipitation was also discussed earlier in chapter 6.2.4. In terms of these comparisons, it 
seems likely that tree #1 records changes in Pb content of the atmosphere.  
 If UK is the main contributor of Pb deposition over the North Sea (von Storch et al., 
2003), and because most of the annually recorded Pb isotope ratios of tree #1 are constrained 
within the values defined by the UK and EU coal, it is likely that tree #1 records Pb mainly 
derived from coal. Watmough et al. (1999a) also report that typical UK industrial and urban 
emissions have  
206
Pb/
207
Pb ratio between 1.17 and 1.19 which is in the range recorded by the 
annual tree rings of tree #1 and #2, though tree #1 demonstrate a better consistency with these 
values.  
 
 
 
Figure 6-11 Simulated lead deposition over the North Sea. 
Diagram from von Storch et al. (2003).  
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6.4.2 Mongstad refinery 
No change in the lead isotopic composition was registered on the start-up of Mongstad 
refinery in 1975 (Figure 5-21 and Figure 5-22) and no pronounced deviations were observed 
at the several events listed in Figure 3-3. For the recorded 
208
Pb/
12
C ratios of tree #1 and #2, 
the onset of production and events at Mongstad did not seem to have any influence. For tree 
#1, the 
208
Pb/
12
C was already increasing when production started in 1975. Tree #2 does record 
an increase from 1975 to 1977, but then a decline is observed. The recorded 
63
Cu/
12
C ratio of 
the two trees does not coincide with the onset of production or any of the events. However, 
tree #2 demonstrates a pronounced peak in 1978 which may be a response of the Mongstad 
start up, but the production enlargement in 1987 and 1989 does not correspond to any increase 
in the 
63
Cu/
12
C or 
66
Zn/
12
C ratios. The 
44
Ca/
24
Mg ratio shows an overall declining trend from 
1968 to 2010 but show no deviation associated with the onset of pollution from Mongstad 
refinery or the events.  
Table 6-4 demonstrates some significant correlation coefficients between SO2 released 
from the Mongstad refinery and the various elements recorded by the tree rings of tree #1. 
Tree #2, however, shows rather poor correlation coefficients. The SO2 released to the 
atmosphere may subsequently affect the soil pH thereby affecting the uptake of Pb and the 
other elements (Pearson et al., 2005).  
The highest correlation coefficients were obtained for Tree #1 which is located closest to the 
Mongstad refinery. This demonstrates a relationship between the annual recorded 
208
Pb/
12
C, 
63
Cu/
12
C, 
66
Zn/
12
C and 
44
Ca/
24
Mg ratios and the annual emissions of SO2. The 
208
Pb/
12
C, 
63
Cu/
12
C and 
44
Ca/
24
Mg of tree #1 all show significant (90% confidence level) correlation 
coefficients. The significant correlations suggest that the emission of SO2 may influence the 
soil properties, i.e. changing the bioavailability of the elements involved.  
Officially reported Pb emission from the Mongstad refinery are not available which 
makes it difficult to differentiate between the effect from increased Pb uptake during periods 
of low soil pH and Pb pollution from the Mongstad refinery. The relatively high positive 
correlation coefficients of 0.8344 and 0.8398 obtained for tree #1 between 
208
Pb/
12
C and the 
  
208
Pb/
12
C 
63
Cu/
12
C 
66
Zn/
12
C Ca/Mg 
  CC t-value CC t-value CC t-value CC t-value 
S
O
2
 
Tree #1 0.5166 2.0899 0.4029 1.5249 -0.4376 1.6862 0.3001 1.1767 
Tree #2 0.2874 1.0396 -
0.0121 
0.0421 0.0319 0.1059 0.1833 0.6978 
          Table 6-4 Correlation coefficients (CC) between various elements as recorded by the tree-rings from 
1994-2010 and amount of released SO2 from Mongstad refinery. Degrees of freedom=n-2=14-2=12.  
6.4 Pollutants and emission rates CHAPTER 6. Discussion 
79 
 
Pb concentration of precipitation measured at Kårvatn and Birkenes, respectively, suggest that 
the lead content of precipitation is the more controlling factor in the observed annual 
variation. 
According to Aarnes and Bøhler (1992), sulphate content in local precipitation is not 
associated with emission from Mongstad refinery, and is most probable overshadowed by 
long range transported pollution (Traaen, 1992). Local contribution of pollution from the 
Mongstad refinery was estimated to be 6% (Traaen, 1992). Research performed by Larsen 
(2000), investigated the heavy metal (Pb, Ni and Zn) accumulation trend in one lake 
(Svartatjønn) located northeast from the Mongstad refinery and east for tree #1 and found that 
the sediments did not indicate any higher heavy metal deposition after the onset of production 
at Mongstad in 1975. However, an increase in spheroidal carbonaceous particles (SCP) 
showed an increase after 1975 and in 1987 when the production capacity was expanded.  
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6.5 Anthropogenic vs. geochemical background 
Reimann et al. (2008) address the problem of natural contribution of Pb to the 
atmosphere. Lead originating from soil erosion, volcanic emissions, forest fire debris, 
biogenic emission and oceanic emission may contribute to the overall lead composition of the 
atmosphere (Rasmussen, 1998). Reimann et al. (2008) studied the lead istopic composition of 
samples of bedrock, complete soil profiles of forest soils and various biological materials 
collected along a 120 km long transect running NE-SE through Oslo. When plotting the 
206
Pb/
207
Pb vs. 
208
Pb/
207
Pb for these samples, the bedrock lead istopic ratios were found to 
cover the whole range of the lead isotopic ratios found for the other samples (Reimann et al., 
2008).  
 In this study, no soil samples and no bedrock samples were analyzed. Also, a literature 
search on whole rock lead composition of the western gneiss region did not reveal any Pb 
isotopic data from the study area. However, feldspars in Precambrian granitic gneisses of the 
Rombak window (1860-1760 Ma.) located in Nordland, Norway (Nøttvedt et al., 2007), of 
similar age as the gneisses of the Western Gneiss region, demonstrate 
206
Pb/
207
Pb ratios of 
1.01-1.03 (Romer, 1991). This may be indicative of the whole rock lead composition at the 
two tree sites. Such low 
206
Pb/
207
Pb ratios were not observed in the tree rings, suggesting little 
influence by bedrock lead composition.  
Regarding the soil lead isotopic composition, Steinnes et al. (2005) refers to an 
unpublished study by Steinnes et al., that the 
206
Pb/
207
Pb ratios of the C-horizon from different 
parts of Norway (not specified which places), vary between 1.20-1.73. The calculated mean of 
the annually recorded 
206
Pb/
207
Pb ratio from 1968-2010 for tree #1 and #2, yielded 1.18±0.03 
and 1.17±0.03, respectively. Only 5 and 4 annual rings of tree #1 and #2, respectively, 
recorded 
206
Pb/
207
Pb ratios above 1.20.  
Soil and bedrock samples from the two sites need to be investigated before any 
conclusion can be drawn. Therefore, the influence of natural soil Pb, Zn and Cu content is 
currently hard to assess.  
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7 Summary and conclusions 
The five different standards analysed during the lead isotopic analysis: in-house wood 
standard, ERM-CD100, NIST-610, cellulose mixed with BCR-2 and cellulose mixed with 
NIST-612, gave relative standard deviations for the 
207
Pb/
206
Pb ratio of 0.077%, 0.011%, 
0.019%, 0.601% and 0.190%, respectively.  
Tree #1 and #2 recorded 
206
Pb/
207
Pb ratios between 1.13 and 1.32, and 1.12 and 1.29, 
respectively. From the innermost to the outermost tree rings of tree #1 and #2, the 
207
Pb/
206
Pb 
and 
208
Pb/
206
Pb ratios did not show any significant trend towards higher or lower values. The 
isotopic composition (the 
206
Pb/
207
Pb ratio vs. the 
208
Pb/
206
Pb ratio) of the annual rings of tree 
#1 and #2 plotted along linear trendlines with linear correlation factors of 0.7196 and 0.2124, 
respectively, but did not show any trend towards higher or lower ratios from 1968 to 2010. 
The only trends observed for lead isotopes from 1968-2010 were the trend of increasing data 
scatter and standard deviation of the means. For the recorded 
208
Pb/
12
C ratio, the most 
interesting result was found for tree #1 which showed a steady increase from 1968 to 1979, 
followed by a steady decline towards 2010. The 
66
Zn/
12
C and the 
63
Cu/
12
C ratios of the two 
trees show some variation but no the specific overall trend from the outermost to the 
innermost tree rings. The 
63
Cu/
12
C of tree #2 show two pronounced peaks, one in 1978 and 
one in 1987, but could not be related to any specific event.  
The onset of production at Mongstad refinery in 1975 and the subsequent expansion in 
the refinery production and occasional accidents in the factory did not have any significant 
impact on the lead isotope composition of the tree rings, nor significantly influenced the 
208
Pb/
12
C, 
63
Cu/
12
C, 
66
Zn/
12
C or the 
44
Ca/
24
Mg elemental ratios. However, the Mongstad 
refinery may have an indirect impact on the 
208
Pb/
12
C, 
63
Cu/
12
C, 
66
Zn/
12
C and the 
44
Ca/
24
Mg 
ratios in terms of SO2 emissions which may affect the soil pH. This is highlighted by the 
significant correlations within 90% confidence level for the various ratios of tree #1 with the 
annual SO2 emissions reported from 1994-2010. In accordance with the prevailing wind 
directions and the closer proximity of tree #1 to the refinery, it may suggest a higher input of 
SO2 at this site. On the other hand, according to Traaen (1992), pollution from the Mongstad 
refinery is probably overshadowed by the long range pollution. The absence of any higher 
metal deposition in Svartatjønn lake after the onset of production at the refinery in 1975 
(Larsen, 2000) also suggests that heavy metal pollution associated with the Mongstad refinery 
in this area may be minor. Since the Pb isotopic composition of the North Sea oil could not be 
identified, it was difficult to assess whether the lead in tree rings originates from the refinery, 
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foreign sources (industrial emissions and vehicle emission), local transport or natural soil and 
bedrock. However, the relatively higher recorded 
206
Pb/
207
Pb ratio of the tree rings (mean 
values of 1.18±0.03 and 1.17±0.03 for tree #1 and #2, respectively) compared to the 
Norwegian gasoline between 1.07-1.10 (Aberg et al., 2004), suggest that local vehicle 
emissions had a minor to no impact on the lead composition of the trees. Most of the annual 
rings of tree #1 plotted into the lead isotope composition defined by UK and European (only 
Germany and Poland) coal, which may suggest that tree #1 is affected by industrial coal 
burning. 
The observed recorded 
208
Pb/
12
C ratio in tree #1 may correspond to the estimated 
amount of emitted European Pb to the atmosphere (Pacyna et al., 2007) and the estimated lead 
deposition over the North Sea (von Storch et al., 2003). However, the calculated peaks from 
von Storch et al. (2003) and Pacyna et al. (2007) do not overlap or coincide with the peak 
recorded by tree #1. Tree #1 shows a maximum 
208
Pb/
12
C ratio in 1979 at a time when the Pb 
of von Storch et al. (2003) and Pacyna et al. (2007) have already started to decrease. If the 
peak recorded by tree #1 corresponds to these peaks, it can be explained by metal retention in 
the soil. 
The reliability of these trees in tracing past and present pollution sources may be 
addressed as these annual rings plot toward higher Pb isotope ratios  (
206
Pb/
207
Pb vs. 
208
Pb/
207
Pb )  than moss isotopes recorded for the same time period and area, into the fields 
confined by Norwegian peat bogs (<1691-1991) and a Greenlandic ice core (7313 BC to 1523 
AD). The most significant correlation coefficients with weather station data were obtained 
between the annually recorded 
208
Pb/
12
C ratio of tree #1 and the lead content and pH of 
precipitation, with coefficients of 0.86 and -0.79. This may suggest that tree #1 records 
variation in lead content and responds to changes in pH of precipitation. Tree #1 compared to 
tree #2 seems to have higher Pb content, but to fingerprint the source of Pb is still difficult. 
This could be improved by isotopic analysis of local soil and bedrock and a chemical and 
isotopic analysis of Pb in oil that is being refined at the Mongstad refinery. 
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9 Appendix 
 
This appendix contains results of the chemical and isotopic analysis of the tree rings and 
various statistical tests used throughout the text.   
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9.1 Lead isotopic analysis 
 
  
206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 207Pb/206Pb 208Pb/206Pb 
  
Mean StdMean Mean StdMean Mean StdMean Mean StdMean Mean StdMean 
C
e
ll
+
B
C
R
-2
 
1 16,3712 0,4843 13,7117 0,4091 34,2857 1,0369 0,8323 0,0020 2,0591 0,0042 
2 16,7588 0,7603 14,1670 0,6265 35,3552 1,6399 0,8384 0,0036 2,0576 0,0055 
3 18,4374 0,4489 15,5520 0,3847 38,5243 0,9777 0,8391 0,0021 2,0564 0,0040 
4 17,0916 0,6075 14,2670 0,5182 35,5398 1,2873 0,8280 0,0037 2,0534 0,0058 
5 18,2317 0,5205 15,3611 0,4618 37,9414 1,1178 0,8298 0,0028 2,0581 0,0049 
C
e
ll
+
N
IS
T
-6
1
2
 1 17,0682 0,2585 15,5028 0,2372 37,4524 0,5600 0,9039 0,0013 2,1574 0,0019 
2 17,7243 0,3232 16,2106 0,2941 38,9348 0,7138 0,9071 0,0013 2,1645 0,0030 
3 17,0915 0,2523 15,5949 0,2284 37,3975 0,5396 0,9051 0,0012 2,1623 0,0017 
4 16,9416 0,2463 15,3842 0,2249 37,0456 0,5423 0,9039 0,0013 2,1614 0,0022 
5 16,8684 0,3022 15,4437 0,2888 36,9208 0,6742 0,9075 0,0022 2,1634 0,0030 
E
R
M
-C
D
1
0
0
 w
o
o
d
 s
ta
n
d
a
r
d
 
1 19,7082 0,0189 15,7948 0,0146 39,1175 0,0380 0,7963 0,0001 1,9589 0,0001 
2 19,7363 0,0202 15,8118 0,0163 39,1499 0,0411 0,7961 0,0001 1,9585 0,0001 
3 19,6965 0,0236 15,7887 0,0190 39,0855 0,0483 0,7964 0,0001 1,9592 0,0001 
4 19,6976 0,0143 15,7890 0,0115 39,0888 0,0288 0,7962 0,0001 1,9590 0,0001 
5 19,7482 0,0181 15,8283 0,0144 39,1961 0,0362 0,7963 0,0001 1,9590 0,0001 
6 19,6424 0,0243 15,7365 0,0196 38,9422 0,0481 0,7962 0,0001 1,9590 0,0002 
7 19,7739 0,0127 15,8344 0,0095 39,1772 0,0240 0,7962 0,0001 1,9589 0,0001 
8 19,6990 0,0188 15,7747 0,0150 39,0308 0,0374 0,7961 0,0001 1,9589 0,0001 
9 19,7348 0,0154 15,7994 0,0133 39,1006 0,0318 0,7962 0,0001 1,9590 0,0001 
10 19,8187 0,0195 15,8916 0,0155 39,3705 0,0383 0,7963 0,0001 1,9594 0,0002 
11 19,7477 0,0183 15,8259 0,0155 39,1976 0,0372 0,7962 0,0001 1,9590 0,0002 
12 19,8250 0,0154 15,8944 0,0123 39,3698 0,0302 0,7963 0,0001 1,9593 0,0001 
13 19,7824 0,0190 15,8557 0,0164 39,2816 0,0381 0,7963 0,0001 1,9593 0,0001 
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In
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se
 w
o
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d
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1 18,3806 0,0442 15,7516 0,0381 38,8684 0,0917 0,8523 0,0002 2,0887 0,0004 
2 18,5201 0,0511 15,8805 0,0437 39,1800 0,1081 0,8520 0,0002 2,0887 0,0003 
3 18,3834 0,0607 15,7591 0,0525 38,8997 0,1254 0,8524 0,0002 2,0888 0,0004 
4 18,4755 0,0610 15,8690 0,0522 39,1588 0,1341 0,8531 0,0003 2,0903 0,0007 
5 18,5069 0,0523 15,8720 0,0442 39,1419 0,1091 0,8521 0,0002 2,0882 0,0003 
6 18,5269 0,0525 15,8753 0,0461 39,1763 0,1109 0,8523 0,0002 2,0893 0,0004 
7 18,4866 0,0440 15,8357 0,0392 39,0559 0,0939 0,8516 0,0002 2,0886 0,0004 
8 18,3742 0,0486 15,7375 0,0418 38,8043 0,1016 0,8522 0,0002 2,0886 0,0004 
9 18,4833 0,0472 15,8193 0,0411 39,0320 0,0991 0,8514 0,0002 2,0879 0,0004 
10 18,4694 0,0530 15,8579 0,0444 39,1193 0,1145 0,8529 0,0003 2,0903 0,0005 
11 18,4397 0,0788 15,7954 0,0681 39,0396 0,1638 0,8505 0,0003 2,0875 0,0006 
12 18,4467 0,0564 15,8340 0,0493 39,0495 0,1193 0,8525 0,0002 2,0896 0,0004 
13 18,3616 0,0444 15,7742 0,0375 38,9254 0,0940 0,8525 0,0002 2,0898 0,0004 
14 18,5569 0,0698 15,9123 0,0576 39,2770 0,1441 0,8523 0,0003 2,0889 0,0005 
N
IS
T
-6
1
0
 
1 17,2125 0,0209 15,7473 0,0185 37,7583 0,0437 0,9096 0,0001 2,1673 0,0002 
2 17,2317 0,0230 15,7742 0,0208 37,8252 0,0490 0,9097 0,0001 2,1680 0,0003 
3 17,2519 0,0279 15,7929 0,0264 37,8642 0,0620 0,9095 0,0002 2,1669 0,0003 
4 17,2143 0,0243 15,7550 0,0233 37,7794 0,0595 0,9093 0,0002 2,1667 0,0003 
5 17,2446 0,0299 15,7884 0,0263 37,8559 0,0659 0,9094 0,0002 2,1674 0,0003 
6 17,2688 0,0245 15,8111 0,0223 37,9213 0,0519 0,9096 0,0002 2,1675 0,0004 
7 17,2709 0,0253 15,8062 0,0237 37,9253 0,0556 0,9093 0,0002 2,1670 0,0003 
8 17,2558 0,0309 15,8124 0,0298 37,9109 0,0683 0,9094 0,0002 2,1668 0,0003 
9 17,2225 0,0217 15,7644 0,0202 37,8289 0,0481 0,9093 0,0002 2,1670 0,0003 
10 17,3004 0,0303 15,8565 0,0258 38,0147 0,0645 0,9097 0,0002 2,1679 0,0003 
11 17,3210 0,0310 15,8422 0,0286 38,0164 0,0705 0,9096 0,0002 2,1677 0,0003 
12 17,2741 0,0316 15,8123 0,0291 37,9245 0,0681 0,9092 0,0002 2,1674 0,0004 
13 17,2242 0,0231 15,7475 0,0201 37,7611 0,0496 0,9094 0,0002 2,1678 0,0003 
14 17,1897 0,0287 15,7223 0,0254 37,6974 0,0617 0,9095 0,0002 2,1676 0,0003 
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15 17,2304 0,0301 15,7640 0,0269 37,7781 0,0652 0,9096 0,0002 2,1681 0,0003 
16 17,1729 0,0243 15,6987 0,0208 37,6336 0,0493 0,9095 0,0002 2,1682 0,0003 
17 17,1974 0,0287 15,7329 0,0266 37,6911 0,0631 0,9096 0,0001 2,1673 0,0003 
18 17,2233 0,0278 15,7597 0,0254 37,7595 0,0591 0,9098 0,0002 2,1673 0,0004 
19 17,2577 0,0526 15,8127 0,0505 37,9470 0,1158 0,9097 0,0005 2,1682 0,0007 
20 17,2745 0,1008 15,7679 0,1002 37,8806 0,2393 0,9106 0,0007 2,1681 0,0010 
21 17,3318 0,0997 15,8973 0,0913 38,0835 0,2201 0,9100 0,0007 2,1679 0,0013 
22 17,2435 0,0339 15,7892 0,0314 37,8615 0,0749 0,9095 0,0002 2,1672 0,0004 
23 17,2156 0,0274 15,7670 0,0256 37,8369 0,0589 0,9095 0,0002 2,1679 0,0003 
24 17,3249 0,0344 15,8595 0,0311 38,0578 0,0753 0,9094 0,0002 2,1685 0,0004 
25 17,2436 0,0321 15,7749 0,0290 37,8583 0,0707 0,9094 0,0002 2,1678 0,0004 
26 17,2412 0,0194 15,7915 0,0184 37,8792 0,0450 0,9094 0,0002 2,1668 0,0004 
27 17,2821 0,0214 15,8256 0,0193 37,9710 0,0460 0,9095 0,0002 2,1678 0,0003 
            
Table 9-1 Results from the continuously measured standards. StdMean: Standard devitation of the mean.  
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  206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 207Pb/206Pb 208Pb/206Pb 206Pb/207Pb 208Pb/207b 
  Mean StdMean n Mean StdMean n Mean StdMean n Mean StdMean n Mean StdMean n Mean Stdmean Mean Stdmean 
Bark 2,420 0,187 103 2,203 0,163 104 5,426 0,415 106 0,890 0,032 109 2,108 0,045 98 1,124 0,041 2,369 0,056 
2010 0,194 0,453 95 0,386 0,442 97 0,022 0,837 98 0,757 0,137 90 1,687 0,178 91 1,322 0,240 2,230 0,225 
2009 1,474 0,413 95 1,169 0,436 93 4,064 1,246 98 0,805 0,081 96 2,114 0,150 99 1,243 0,126 2,627 0,170 
2008 4,329 0,910 86 3,797 0,755 88 9,496 1,912 86 0,792 0,028 103 2,007 0,048 101 1,263 0,045 2,534 0,056 
2007 6,039 1,580 92 3,773 1,585 97 11,583 3,608 94 0,859 0,023 100 2,040 0,042 107 1,164 0,031 2,375 0,048 
2006 11,422 1,331 96 10,196 1,184 96 24,111 2,798 95 0,883 0,013 102 2,087 0,028 109 1,133 0,017 2,365 0,031 
2005 15,213 1,615 85 12,401 1,491 87 31,819 3,422 85 0,846 0,013 107 2,059 0,021 105 1,183 0,019 2,435 0,025 
2004 16,002 0,933 98 13,346 0,747 95 33,087 1,838 95 0,845 0,005 115 2,081 0,008 110 1,183 0,007 2,462 0,009 
2003 13,417 1,085 87 12,278 1,043 91 29,293 2,455 88 0,870 0,008 104 2,122 0,014 109 1,150 0,010 2,440 0,016 
2002 15,363 1,986 98 12,766 1,464 94 31,885 3,664 95 0,855 0,011 106 2,081 0,016 95 1,170 0,015 2,434 0,019 
2001 13,542 1,410 81 11,988 1,341 84 29,048 3,082 82 0,846 0,008 100 2,098 0,016 106 1,182 0,011 2,479 0,018 
2000 13,925 1,388 90 12,347 1,274 91 29,971 3,069 91 0,867 0,012 114 2,094 0,018 102 1,154 0,016 2,416 0,021 
1999 11,402 1,089 90 9,250 0,829 88 24,206 2,290 91 0,813 0,012 108 2,082 0,020 110 1,231 0,018 2,563 0,023 
1998 13,459 1,925 92 11,211 1,879 95 27,619 4,235 93 0,845 0,012 105 2,073 0,019 113 1,184 0,016 2,454 0,023 
1997 11,003 1,170 81 9,584 0,990 82 23,823 2,489 82 0,854 0,012 102 2,084 0,024 113 1,172 0,016 2,442 0,026 
1996 17,029 1,716 93 14,527 1,441 92 35,557 3,547 92 0,859 0,010 106 2,085 0,015 112 1,164 0,013 2,427 0,018 
1995 11,182 1,007 92 9,826 0,908 93 23,633 2,172 92 0,858 0,009 103 2,073 0,017 104 1,166 0,012 2,416 0,019 
1994 12,006 0,682 98 10,209 0,573 97 25,303 1,448 98 0,850 0,007 113 2,067 0,011 108 1,177 0,010 2,433 0,013 
1993 16,250 1,213 92 14,137 1,098 94 33,679 2,529 92 0,848 0,007 113 2,052 0,011 111 1,179 0,009 2,418 0,013 
1992 18,181 1,889 91 15,378 1,631 92 38,859 4,149 92 0,824 0,008 108 2,067 0,015 110 1,213 0,012 2,508 0,017 
1991 15,042 1,188 95 12,908 0,999 96 32,132 2,536 96 0,839 0,007 108 2,081 0,013 110 1,192 0,010 2,481 0,014 
1990 17,618 0,827 106 15,114 0,668 103 37,094 1,659 103 0,850 0,003 91 2,081 0,005 89 1,177 0,005 2,450 0,006 
1989 15,734 1,576 99 13,451 1,327 99 33,535 3,431 100 0,854 0,007 105 2,068 0,011 96 1,170 0,009 2,420 0,013 
1988 15,245 1,080 92 13,430 0,973 94 33,586 2,446 95 0,859 0,005 101 2,122 0,011 109 1,164 0,007 2,470 0,012 
1987 16,478 1,215 97 14,448 1,102 99 35,249 2,702 99 0,853 0,004 107 2,072 0,009 110 1,172 0,006 2,429 0,010 
1986 16,263 0,572 104 13,965 0,476 103 34,497 1,227 106 0,853 0,003 107 2,073 0,005 104 1,172 0,004 2,430 0,006 
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1985 17,071 0,752 100 14,667 0,667 101 35,868 1,561 98 0,851 0,004 106 2,074 0,006 103 1,175 0,005 2,438 0,007 
1984 16,861 0,838 100 14,412 0,743 101 35,478 1,752 99 0,856 0,004 111 2,091 0,007 107 1,168 0,006 2,442 0,008 
1983 15,425 0,693 99 13,411 0,622 100 33,212 1,548 101 0,857 0,004 115 2,101 0,008 110 1,167 0,006 2,451 0,009 
1982 17,329 0,443 109 14,827 0,375 109 36,598 0,940 109 0,849 0,002 107 2,082 0,004 115 1,178 0,003 2,453 0,004 
1981 17,676 0,536 102 14,954 0,466 102 37,228 1,176 104 0,845 0,002 103 2,089 0,004 102 1,183 0,003 2,472 0,005 
1980 17,576 0,388 107 15,065 0,332 106 37,022 0,836 107 0,853 0,002 110 2,087 0,003 113 1,172 0,002 2,447 0,004 
1979 17,886 0,406 107 15,278 0,349 106 37,943 0,882 108 0,850 0,002 107 2,088 0,003 100 1,176 0,003 2,457 0,004 
1978 16,975 0,402 105 14,687 0,336 104 36,022 0,836 104 0,857 0,002 106 2,087 0,003 105 1,166 0,002 2,433 0,004 
1977 16,856 0,457 112 14,472 0,396 113 35,821 0,979 113 0,849 0,002 119 2,087 0,003 105 1,177 0,003 2,457 0,004 
1976 17,261 0,525 106 14,777 0,456 108 36,349 1,111 107 0,844 0,002 99 2,073 0,004 113 1,184 0,003 2,455 0,005 
1975 17,176 0,552 107 14,453 0,435 103 35,995 1,136 106 0,848 0,003 119 2,076 0,004 107 1,179 0,004 2,447 0,005 
1974 17,085 0,791 104 14,539 0,662 104 36,145 1,666 105 0,844 0,003 109 2,082 0,006 110 1,184 0,004 2,465 0,006 
1973 17,057 0,733 99 14,602 0,622 99 36,193 1,566 99 0,851 0,004 104 2,086 0,006 106 1,176 0,005 2,453 0,007 
1972 16,961 0,658 102 14,684 0,592 106 36,273 1,438 105 0,846 0,003 113 2,084 0,007 112 1,183 0,005 2,465 0,007 
1971 17,386 1,066 103 15,261 0,957 105 37,574 2,339 105 0,857 0,004 108 2,102 0,007 106 1,167 0,006 2,452 0,008 
1970 16,880 1,109 105 14,437 0,968 105 35,757 2,372 105 0,846 0,005 113 2,088 0,010 113 1,182 0,007 2,467 0,011 
1969 17,081 1,124 105 14,403 0,900 102 35,361 2,235 102 0,856 0,006 115 2,082 0,009 112 1,169 0,008 2,433 0,011 
1968 14,321 1,078 99 11,971 0,878 98 29,703 2,195 98 0,841 0,006 106 2,081 0,011 102 1,189 0,009 2,474 0,012 
1967 10,001 2,030 93 9,011 1,724 92 22,581 4,257 92 0,870 0,012 103 2,137 0,023 110 1,149 0,016 2,455 0,026 
                    
Table 9-2 Results from the LA-ICP-MS analysis of the annual tree rings of tree #1. StdMean: Standard deviation of the mean. n represents the number of 
measurements used for calculation of the mean.   
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  206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 207Pb/206Pb 208Pb/206Pb 206Pb/207Pb 208Pb/207Pb 
  Mean StdMean n Mean StdMean n Mean StdMean n Mean StdMean n Mean StdMean n Mean Stdmean Mean Stdmean 
Bark 3,510 0,167 105 3,119 0,150 106 7,499 0,353 105 0,882 0,010 99 2,136 0,018 103 1,134 0,013 2,421 0,021 
2010 0,630 0,941 77 0,319 0,841 78 1,080 1,956 76 0,778 0,057 76 1,955 0,082 76 1,285 0,094 2,513 0,099 
2009 1,646 1,040 94 1,164 0,818 91 3,070 2,204 92 0,836 0,037 90 1,930 0,078 99 1,195 0,053 2,308 0,087 
2008 2,672 0,856 94 2,379 0,723 93 6,297 1,752 92 0,861 0,063 112 2,146 0,104 107 1,161 0,085 2,491 0,122 
2007 0,918 1,357 99 1,269 1,127 96 3,826 2,818 98 0,813 0,042 105 1,964 0,068 109 1,230 0,063 2,415 0,079 
2006 4,310 1,856 95 2,863 1,748 96 8,405 4,087 93 0,882 0,024 107 2,203 0,043 104 1,133 0,031 2,497 0,049 
2005 8,814 0,994 81 9,099 1,122 88 20,076 2,756 88 0,876 0,022 108 2,101 0,041 113 1,141 0,028 2,397 0,046 
2004 14,267 1,504 89 12,842 1,451 91 30,451 3,205 89 0,870 0,011 105 2,094 0,016 103 1,149 0,015 2,407 0,019 
2003 15,297 1,659 85 12,738 1,273 82 31,073 2,997 82 0,867 0,010 106 2,122 0,021 110 1,154 0,013 2,449 0,023 
2002 17,010 1,602 91 14,980 1,440 91 33,919 2,952 86 0,871 0,009 113 2,090 0,014 117 1,149 0,012 2,400 0,017 
2001 11,605 0,785 96 9,892 0,648 94 25,044 1,689 97 0,858 0,007 101 2,114 0,017 113 1,166 0,009 2,465 0,018 
2000 14,634 0,696 100 12,728 0,603 99 31,192 1,496 99 0,875 0,005 113 2,113 0,008 99 1,143 0,007 2,416 0,009 
1999 15,283 0,738 101 13,395 0,661 102 32,138 1,511 99 0,871 0,004 110 2,109 0,008 112 1,148 0,006 2,421 0,009 
1998 14,565 0,610 99 12,801 0,546 101 31,786 1,390 103 0,868 0,003 103 2,117 0,007 115 1,152 0,005 2,439 0,008 
1996 16,132 0,846 101 13,847 0,706 100 34,032 1,763 100 0,862 0,004 112 2,102 0,006 101 1,160 0,006 2,439 0,008 
1995 15,828 0,676 103 13,930 0,627 106 33,917 1,454 104 0,860 0,003 112 2,108 0,006 115 1,163 0,005 2,452 0,007 
1994 16,869 1,165 101 14,372 0,998 100 35,124 2,355 99 0,852 0,006 110 2,111 0,008 100 1,174 0,008 2,477 0,010 
1993 14,265 0,641 100 12,389 0,549 98 29,972 1,350 99 0,858 0,005 116 2,091 0,008 113 1,166 0,006 2,437 0,009 
1992 15,614 1,351 94 13,742 1,191 95 33,996 3,091 96 0,858 0,007 102 2,077 0,015 113 1,165 0,009 2,420 0,017 
1991 13,028 1,314 82 11,537 1,225 85 28,111 2,922 84 0,835 0,008 96 2,060 0,018 109 1,198 0,011 2,468 0,020 
1990 14,959 1,588 89 12,549 1,330 89 31,893 3,378 90 0,832 0,010 107 2,088 0,020 117 1,201 0,014 2,509 0,023 
1989 14,902 1,432 89 12,973 1,220 89 30,843 2,867 87 0,867 0,011 114 2,084 0,017 110 1,153 0,015 2,404 0,020 
1988 13,573 1,047 88 12,635 1,043 91 29,154 2,241 88 0,896 0,010 121 2,130 0,013 105 1,116 0,012 2,376 0,016 
1987 7,527 1,628 94 6,763 1,428 94 16,203 3,481 94 0,846 0,019 112 2,118 0,025 99 1,182 0,026 2,503 0,031 
1986 9,308 2,494 93 8,032 2,048 91 19,936 5,179 91 0,846 0,018 110 2,055 0,031 105 1,183 0,026 2,431 0,036 
1985 6,002 2,584 90 5,784 2,281 89 12,453 5,673 91 0,876 0,014 106 2,093 0,024 107 1,142 0,019 2,390 0,028 
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1984 6,485 3,427 97 5,177 2,866 96 16,016 7,110 95 0,826 0,016 108 2,168 0,029 110 1,211 0,023 2,625 0,033 
1983 3,642 1,556 103 2,126 1,414 105 6,385 3,455 102 0,879 0,044 113 2,168 0,074 110 1,138 0,057 2,466 0,086 
1982 5,083 1,625 93 4,251 1,490 95 11,121 3,566 93 0,853 0,023 107 2,133 0,044 112 1,172 0,032 2,500 0,050 
1981 10,637 1,087 88 8,743 0,856 86 22,770 2,248 87 0,841 0,010 100 2,117 0,023 104 1,190 0,013 2,518 0,025 
1980 14,845 1,555 48 12,860 1,397 49 31,422 3,199 48 0,845 0,008 57 2,082 0,016 59 1,184 0,011 2,464 0,018 
1979 15,190 1,109 93 13,009 0,905 92 32,217 2,278 92 0,864 0,007 113 2,126 0,009 107 1,157 0,009 2,460 0,011 
1978 15,419 1,105 99 13,632 0,961 100 33,391 2,444 101 0,864 0,006 110 2,093 0,011 112 1,158 0,009 2,422 0,013 
1977 16,105 1,298 91 14,160 1,199 93 35,304 2,954 93 0,857 0,007 107 2,109 0,011 102 1,166 0,009 2,460 0,013 
1976 15,772 1,819 84 13,670 1,570 83 33,460 3,965 84 0,858 0,011 103 2,092 0,018 111 1,165 0,015 2,437 0,021 
1975 3,632 1,624 92 2,659 1,575 98 7,658 3,418 93 0,887 0,032 111 2,144 0,054 115 1,127 0,040 2,415 0,063 
1974 5,460 1,369 92 4,226 1,140 92 9,842 2,986 95 0,836 0,031 110 2,076 0,054 117 1,196 0,044 2,483 0,062 
1973 7,700 1,740 96 6,342 1,560 96 15,638 3,789 97 0,875 0,018 107 2,066 0,033 102 1,142 0,024 2,361 0,038 
1972 13,030 1,119 97 11,381 0,996 98 27,586 2,378 97 0,857 0,008 115 2,099 0,013 110 1,167 0,011 2,450 0,015 
1971 15,993 0,979 98 14,421 0,925 100 34,576 2,120 99 0,883 0,006 107 2,115 0,010 103 1,132 0,008 2,395 0,011 
1970 15,707 0,814 101 13,504 0,720 102 33,179 1,707 101 0,848 0,006 120 2,087 0,008 108 1,180 0,008 2,462 0,010 
1969 14,801 0,869 102 12,298 0,673 97 30,915 1,755 99 0,849 0,006 110 2,106 0,011 107 1,178 0,008 2,482 0,012 
1968 16,669 1,756 90 14,334 1,512 90 35,549 3,724 90 0,854 0,007 115 2,100 0,013 109 1,171 0,010 2,459 0,015 
Pith 11,689 1,051 100 10,036 0,855 99 25,415 2,205 100 0,851 0,010 94 2,124 0,014 88 1,175 0,014 2,494 0,017 
                    
Table 9-3 Results from the LA-ICP-MS analysis of the annual tree rings of tree #2. StdMean: Standard deviation of the mean. n represents the number 
of measurements used for calculation of the mean.  
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9.2 Element analysis 
 
  Tree #1 Tree #2 
  44Ca/
24
Mg
 208
Pb/
12
C 
66
Zn/
12
C 
63
Cu/
12
C 
44
Ca/
24
Mg 
208
Pb/
12
C 
66
Zn/
12
C 
63
Cu/
12
C 
Bark 0,079451 0,000018 0,001596 0,001051 0,459979 0,000020 0,001336 0,000545 
2010 0,036351 0,000006 0,000133 0,000160 0,271869 0,000017 0,000066 0,000170 
2009 0,148140 0,000012 0,000618 0,000254 0,445275 0,000008 0,000054 0,000135 
2008 0,102767 0,000015 0,000096 0,000153 0,510385 0,000008 0,000048 0,000114 
2007 0,117924 0,000009 0,000056 0,000117 0,580625 0,000007 0,000041 0,000144 
2006 0,111478 0,000022 0,000067 0,000228 0,512484 0,000020 0,000049 0,000173 
2005 0,153622 0,000039 0,000120 0,000291 0,517973 0,000030 0,000058 0,000297 
2004 0,220901 0,000068 0,000097 0,000260 0,597135 0,000031 0,000056 0,000154 
2003 0,236417 0,000066 0,000095 0,000280 0,497736 0,000057 0,000058 0,000184 
2002 0,220460 0,000034 0,000141 0,000194 0,515286 0,000044 0,000060 0,000113 
2001 0,235611 0,000025 0,000156 0,000151 0,477758 0,000081 0,000051 0,000135 
2000 0,253540 0,000032 0,000161 0,000491 0,419138 0,000084 0,000064 0,000168 
1998 0,257173 0,000033 0,000146 0,000209 0,530727 0,000064 0,000057 0,000164 
1997 0,236179 0,000024 0,000122 0,000246 0,471234 0,000062 0,000059 0,000354 
1996 0,220640 0,000030 0,000110 0,000128 0,527305 0,000069 0,000069 0,000178 
1995 0,224064 0,000035 0,000086 0,000269 0,516594 0,000078 0,000078 0,000159 
1994 0,225064 0,000085 0,000132 0,000285 0,542646 0,000092 0,000097 0,000140 
1993 0,214836 0,000052 0,000088 0,000176 0,439689 0,000104 0,000085 0,000145 
1992 0,196566 0,000048 0,000075 0,000110 0,577381 0,000053 0,000076 0,000259 
1991 0,196371 0,000064 0,000093 0,000352 0,532510 0,000042 0,000072 0,000318 
1990 0,183738 0,000054 0,000098 0,000234 0,542059 0,000042 0,000074 0,000355 
1989 0,170385 0,000061 0,000091 0,000282 0,548747 0,000040 0,000070 0,000194 
1988 0,180386 0,000063 0,000071 0,000327 0,561221 0,000051 0,000082 0,001134 
1987 0,180356 0,000074 0,000069 0,000177 0,566450 0,000035 0,000080 0,001199 
1986 0,252006 0,000125 0,000119 0,000352 0,570139 0,000030 0,000086 0,000903 
1985 0,233730 0,000099 0,000091 0,000184 0,542971 0,000033 0,000074 0,000631 
1984 0,209248 0,000106 0,000096 0,000184 0,537402 0,000041 0,000128 0,000764 
1983 0,262685 0,000110 0,000072 0,000232 0,531721 0,000023 0,000062 0,000503 
1982 0,256783 0,000154 0,000088 0,000261 0,531442 0,000016 0,000049 0,000125 
1981 0,233793 0,000213 0,000114 0,000463 0,537325 0,000043 0,000064 0,000293 
1980 0,227208 0,000213 0,000103 0,000226 0,535236 0,000056 0,000064 0,000390 
1979 0,279439 0,000285 0,000137 0,000339 0,624918 0,000054 0,000056 0,000536 
1978 0,273926 0,000188 0,000088 0,000156 0,561181 0,000052 0,000066 0,001166 
1977 0,291649 0,000168 0,000097 0,000382 0,682721 0,000069 0,000081 0,000801 
1976 0,299650 0,000186 0,000094 0,000277 0,622225 0,000046 0,000069 0,000730 
1975 0,284922 0,000191 0,000075 0,000446 0,582634 0,000021 0,000107 0,000270 
1974 0,275405 0,000141 0,000069 0,000180 0,513620 0,000024 0,000094 0,000636 
1973 0,289849 0,000158 0,000089 0,001135 0,563380 0,000031 0,000074 0,000270 
1972 0,278606 0,000121 0,000086 0,000472 0,604826 0,000050 0,000080 0,000238 
1971 0,292464 0,000147 0,000081 0,000321 0,604199 0,000109 0,000092 0,000432 
1970 0,314144 0,000088 0,000096 0,000769 0,631293 0,000086 0,000114 0,000778 
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1969 0,269902 0,000080 0,000083 0,000505 0,585493 0,000115 0,000114 0,000541 
1968 0,315109 0,000120 0,000131 0,000373 0,601769 0,000084 0,000144 0,000446 
         
         
Table 9-4 Results from the element analysis. Only raw ratios are plotted.  
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9.3 Statistical analysis  
 
This appendix provides a general description of the statistical analysis used in data 
evaluation. All the encountered equations and statistics are from Nemec (2011).  
9.3.1 The Spearman rank-correlation test 
The coefficient of the rank correlation test:  
 
 
      
 ∑   
  
       
 Equation 9-1 
 
where D is the rank difference and n the number of data. The significance of correlation is 
evaluated by a one-tail hypothesis: 
 
 
The test function:  
 
   |  |√
   
     
 
 
Equation 9-2 
where     and n is rank correlation coefficient and number of data. Degrees of freedom:  
 
 
        Equation 9-3 
 
 
9.3.2 Cramer-von Mises test for distribution normality 
This test is designed for non-grouped data, and the hypotheses can be formulated (two-tail 
test):  
 
 H0: The measurements conform to normal distribution  
 H1: The measurements do not conform to normal distribution  
 
The test function is formulated:  
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) Equation 9-4 
 
where   , n and i denote the corresponding cumulative frequency of standard normal 
distribution, number of data and the index value, respectively.  
 
Its critical values for different levels of significance are listed in Table 9-5. 
 
If      
 
 
  H0 is rejected and H1 is accepted.  
If      
 
 
  H0 is accepted.  
 
                               
   0,104 0,126 0,148 0,178 
     Table 9-5 Critical values for the Cramer-von Mises normality test. α denote the level of significance 
 
Table 9-6 lists the    values calculated for various data in this study.   
    
In-house wood standard 0.1143 
ERM-CD100 0.0506 
NIST-610 0.0282  
Cellulose+BCR-2 0.0578 
Cellulose+NIST-612 0.0465 
  Table 9-6 Test function values of the measured 207Pb/206Pb 
ratios of the standards measured during the Pb isotopic 
analysis.  
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9.3.3 Snedecor F-test for difference between variances 
The following test will be used in conjunction with the student t-test for difference between 
means. The test function is: 
 
 2
2
2
1
S
S
F   Equation 9-5 
 
where
2
1S  and 
2
2S  are the variances of the respective measurements. The larger and smaller 
variance is placed in the numerator and denominator, respectively.   
 
 
1
1
22
11


nDF
nDF
  
 
where 1n   and 2n  represent the number of measurements corresponding to   
  and   
 . 
Depending on their ratio, a one-tail hypothesis is formulated:  
 
 
 
The critical value is then calculated for the desired significance level in excel using the 
equation: 
 
 
Then,  
 
If      H0 is rejected and H1 is accepted.  
If      H0 is accepted.  
 
 
 
{ 
     
    
 
     
    
  or { 
     
    
 
     
    
  
 
 =f.inv.rt Equation 9-6 
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9.3.4 Student t-test for difference between means 
Depending on the outcome of the Snedecor F-test above, the student t test function is: 
 
 
If       The test function is:   
  
| ̅   ̅ |
√  (
 
  
 
 
  
)
 
DF=n1+n2-2 
Equation 9-7 
   
        
          
 
       
 
 
Equation 9-8 
If      The test function is:   
 
  
| ̅   ̅ |
√(
  
 
  
 
  
 
  
)
 
DF=n1+n2-2 
Equation 9-9 
 
The one-tail hypothesis:  
 
 
Then,  
 
 
If      H0 is rejected and H1 is accepted.  
If      H0 is accepted.  
 
 
 
 
 
 
{ 
        
        
 or { 
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9.3.5 Correlation analysis 
The correlation analyses were performed by using the correlation function in Microsoft Excel 
2010. The significance of the correlation coefficient (   ) can be evaluated by a one-tail 
hypothesis:  
 
One-tail hypothesis:  
 
 
The test function is:  
 
   |   |√
    
     
  Equation 9-10 
 
where     is the correlation coefficient and  
  is number of pairs of overlapped elements. 
Then, if:
 
 
If      H0 is rejected and H1 is accepted.  
If      H0 is accepted.  
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